ABSTRACT

PANDEY, ANJU. Exploring a Novel Source of Resistance to Septoria Leaf Spot for Organic
Tomato ProductiofUnder the directionf Dr. Dilip R. Panthep

Septoria leaf spot (SLS), caused by the hemibiotrophic fuBgpsoria lycopersicspeg.,
is a devastating foliar disease in tomatoes. Under favorable environmental conditions, it can cause
total yield loss, posing a major threat to sustainable and orgaaduction systems where
fungicide options are limited. Despite decades of research, no durable genetic resistance has been

identified, highlighting the need for deeper understanding and sustainable management strategies.

This dissertation takes a compeasive approach, combining literature synthesis, genomic
discovery, transcriptomic profiling, and field validation, to address key gaps in fdmato

lycopersiciresearch and lay the groundwork for molecular breeding of resistant cultivars.

Chapter 1 resdws pathogen biology, epidemiology, and hpathogen interactions,
revealing limited knowledge of plant defense pathways, fungal virulence factors, and their
interplay. The chapter evaluates molecular tools such as rresgisted selection, genomic

seletion, gene editing, and transgenic approaches, establishing priorities for breeding research.

Chapter 2 delivers the first genomade association study (GWAS) of SLS resistance in
tomato. Using 216 diverse accessions, advanced breeding lines, wildeselathd germplasm
collections, screened under controlled greenhouse conditions, researchers identified 15 resistant,
50 moderately resistant, and 151 susceptible lines, showing clear phenotypic variatien. High
density OmeSeqRRS genotyping produced 298BSNPs. GWAS identified five significant
SNPs ceocalized with defenseelated genes, the first molecular markers for SLS resistance,

paving the way for markeassisted breeding.

Chapter 3 investigates molecular resistance mechanisms via RNA sequéadiegistant
genotype $olanum corneliomulleriPl126443) and a susceptible cultive®. (lycopersicum
P1647196) at 096 hours posinoculation. Differential expression analysis revealed 3,051 genes

in the resistant genotype and 2,221 in the susceptibld@sestant plants activated ARproteins,



calcium signaling components, transcription regulators, enzymes for secondary metabolite and
cuticle biosynthesis, oxidative stress tolerance, and stespsnsive kinases. Enriched pathways
included plaritpathayen interaction, MAPK signaling, hormone signaling, and phenylpropanoid

biosynthesis. The results identify strong candidates for functional validation and targeted breeding.

Chapter 4 tests these findings in field trials under organic conditions in$h&butheast.
In 2023, 40 preselected lines were screened at two North Carolina research stations; in 2024, 10
top performers were tested at four organic sites, including commercial farms. AUDPC values
ranged from 21.58 to 51.92, with lines 21aD&1.5§, NC2Grape (26.83), and 21008 (29.17)
showing the greatest resistance. Resistance was linked to slower disease progression, though
genotype x location interactions suggested environmental influence. Trials confirmed that early

seedling screening effently identifies fieldreliable resistance.

Overall, this work creates the first integrated framework for breedingr&iStant
tomatoes. Molecular markers enable mai#kssisted selection, transcriptomic data highlight
targets for gene editing, and \ddied germplasm offers immediate breeding material. By
combining genomic tools with field validation, this research advances understanding of the
tomatd S. lycopersici pathosystem and delivers practical resources to reduce fungicide
dependence and enhartloe sustainability of global tomato production. The framework also serves
as a model for integrating omitmsed discovery with field application in tackling complex plant
diseases.

Keywords: Septoria leaf spot, tomato breeding, disease resistgec®mmewide association
study, transcriptomics, organic production, sustainable agriculture, molecular markers, plant
pathogen interactions
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Abstract

Septoria leaf spot (SLS), caused by the hemibiotrophic fuBgptoria lycopersigiposes a
significant threat to tomato production systems. While fungicides can effectively reduce disease
epidemics, planting resistant cultivars rémsathe most efficient and economical control method.
Conventional screening and breeding have identified new sources of resistaice to
lycopersiciamong wild relatives. However, gaps exist in the literature concerning torgato
lycopersiciinteractionssuch as plant defense mechanisms, fungal pathogenicity mechanisms, and
interaction dynamics that can inform the development of durable resistance through additional
research. To further enhance host resistan&e tgcopersigimolecular methods such emrker

assisted breeding, gene editing, genomic selection, and transgenic approaches can be employed.
Moreover, the durability of resistance and efficacy of disease management can be optimized within
an integrated pest management (IPM) framework that aggativerse tactics to suppress diseases
and improve plant productivity. This review highlights the current understanding of pathogen
biology, host genetic solutions, and novel strategies to combat the SLS problem and suggests
directions for future resedrc

Keywords: integrated pest management (IPM); resistance breeding; Septoria le@eypotja
lycopersicj Solanum lycopersicum

Introduction

The tomato $olanum lycopersicuin) is the third most extensively cultivated vegetable in
the United Statedl[2]. Tomatoes, rich in vitamins, minerals, and antioxidants, are experiemcing
surge in demand. This is fueled by growing awareness of their nutritional value, the popularity of
tomatebased products like ketchup, sauces, and purees in the food processing industry, and their
status as a staple ingredient in many cuisines worldriol® salads and sauces to soups and stews
[3]. Similarly, the profitability of the crop in diverse regions appears to drive an increase in
production, with global mduction rising from 177 million metric tons in 2015 to 186 million in
2022 H]. China, the United States, and India are the top three production regions in thdrworld.
the USA, the gross annual income from tomatoes is arpiih@6 billion B]. Furthermore, the
area under organic tomato production has incredged |

As in many global areas, conventional and organic tomato production systems in North
Carolina and the surrounding regions are constrained by significant challenges from multiple
soilborne, foliar, and fruit pathoger§1,8,9]. One of the crucial challenges tomato growers face,
especially in croppingystems that do not rely on synthetic fungicides, is the prevalence of
Septoria leaf spot (SLS). This fungal disease threatens tomato crops at various stages of
development and can lead to significant yield losses of up to 50%, particularly in regions with
favorable environmental condition8]| The challenges posed by diseases like SLS highlight the
critical need to develop more productive disease management stratdgiepver, climate
changes can affect pathogen growth and increase disease outlf@aldthough synthetic
fungicides are effective in conventional tomato produncttheir use is not feasible in organic
farming. To minimize losses, the best approach is integrating disease management tactics such as
crop management practices, field sanitation, approved organic or conventional fungicides,
biological control approads, and plantingesistant cultivars.

Advances in understanding SLS have il lumina
plant pathogen interactions, and potential resistance mechanisms. Despite these advances,
significant research gaps persist. Pinecise molecular mechanisms underlying tomato resistance
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to S. lycopersicare poorly understood.1]. There is a need to identify and characterize additional
resigance genes and to understand how multiple minor quantitative trait loci (QTLs) collectively
contribute to resistance. Moreover, the lack of kighlity whole genome information f&.
lycopersicirepresents a significant barrier to fully comprehendingtipathogen interactions.
Obtaining and analyzing such genomic data are crucial for identifying functional effectors
associated with pathogenesis and for developing bi#ed detection tools.

The genetic makeup of tomatoes has been publicly availablegthigenome sequencing
(https://solgenomics.net/ accessed on 12 August 2024), which provides an opportunity to
identify new resistance genes and find molecular markers that are closely linked to tlesse gen
Furthermore, the development of advanced genomic tools and breeding approaches, such as
markerassisted selection (MAS), gene editing (GE), and genomic selection (GS), is essential for
effectively incorporating these resistance traits into commerndli@ars. Moreover, the durability
of resistance and efficacy of disease management can be optimized within an integrated pest
management (IPM) framework that advances diverse tactics to suppress diseases and improve
plant productivity. Addressing thesesearch gaps will enhance the ability to develop tomato
varieties with robust and lasting resistance to SLS, a vital component of supporting sustainable
and productive tomato cultivation. Finally, the depth of the literature and scientific innovations
on S. lycopersiciand SLS is relatively shallow compared to other diseases of tomatoes. This
review combines historical and recent work to provide a framework that can enhance the capacity
for future work.

The Genusseptoriaand Morphology ofs. lycopersici

ThegenusSeptoriaclassified as ascomycete pycnighieoducing fungi, is one of the largest
genera of plant pathogens. Numerous speci€gpforiahave avlycosphaerelldike sexual stage
(e.g.,Septoria tritic); however, most have an unknown sexual std@l8 14]. Septoriaspp.
cause leaf and fruit spot diseases in diverse crops such as field crops, forages, and tomatoes. The
genus has a wide range of hosts, with an estimated 1072 species and over 3004 li5xa [
Taxonomists commonly accept a broad definitionSeptoriaspp., encompassing fungi that
develop pyoidial conidiomata characterized by holoblastic, hyaline, smaoailled
conidiogenous cells with sympodial and percurrent proliferation, along with hyaline, smooth,
filiform to cylindrical multi-septate conidiall]. Host specificity served as the primary criterion
for distinguishingSeptoriaspecies for an extended period due to limited data on morphological
characteristics ahsubstantial variability. Thu§eptoriaspecies exhibiting similar morphology
but differing hosts were classified as distinct tak4].[Nonetheless, Beach (1918rdonstrated
that relying solely on host specificity for identifyi@gptoriaspp. is unreliable, as numerous
species withirBeptoriaare not limited to a single host but exhibit broader host raridggsHor
exampleS. lycopersictan infect multiple plant species within a genus and among closely allied
relatives (see beloBecion 3).

Among the variouSeptoriaspeciesSeptoria lycopersidas a key tomato pathogen that
causes leaf spots known as Septoria leaf spot (SLS). It has the potential to significantly impact
cultivated tomatoes in many countries, including the U3A1[7]. Despite its widespread
occurrence, it has received limited research attenThe pathogen can cause complete defoliation
of tomato plants, resulting in significant crop loss of up to 50%, as documented in the northeastern
regions of the USA and Canadg1819]. It is also a severe problem in North Carolina and
surrounding states.

This fungus has only a known asexual stage, so it mainly reproduces by forming conidia in
pycnidia, which are discharged and dispersed through rain or irrigation s@@lshThe
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phylogenetic relationships of 104 isolatesSoflycopersicivere analyzed based on mdttcus
sequencing analysis of calmodul®&]) ,-tubfilin (Tub), and elongation factor-tl EF1-U). The
results showed that the straififem diverse geographic regions are highly clonal, apparently
belonging to a single clonal lineadl].

ForS. lycopersicitwo types of mycelia have been reportede hyaline with thin walls,
typically associated with young, newly emerging mycelium from the germinating conidia and a
second type observed as brewalled cells related to older, wajrown mycelium, which is also
responsible for forming pycnidia2®]. These brown, thickvalled mycelium aggregate and
integrate into the leaf tissues to form the pycnidial cavity beneath the epithelial layer of host tissue
and mainlybeneath the stomata. This fungus usually forms pycnidia within two weeks after
inoculation. Pycnidia are dispersed to confluent, amphigenous, predominantly epiphyllous,
initially immersed, later slightly emergent, and unilocular, measurind &5 pm in dianeter
[22,23]. Conidiophores extend from the pycnidial wall and bear cofjienidiospores). Conidia
are holoblastic, filiform, slightly curved to sigmoid, with thin walls, subtruncate at the base,
subacute to acute at the apex, attenuated somewhat towards the apical portion, guttulate,
subhyaline, measuring #4060 x 23 um, andpossessingi3.0 distinct septaZ3]. Conidia are
formed in a basipetal fashion inside the pycnidial chamber and fill the entire chamber, leading to
an internal forceon ostioles and subsequent conidia release. Ostioles are usually formed by
generating pressure on the pycnidial wall, usually by the tension between the epidermal cells,
enlargement of the pycnidium, and the pressure exerted by the conidia mass onithal pyall.

The ostioles are circular to subcircular, reaching up to 60 um in width. The conidia germinate after
24i 48 h of inoculation under favorable temperature and moisture conditions. The germinating
conidia usually swell due to imbibition of watdie germ tube formation can be seen from the
inner and apical cells (Figure 1.22. The mycelia are intercellular and enter the host cells using
globular haustorifor nutrition [22,24].

A

Figurel.1 Septoria lycopersicspore size and germination. (A) Conidia at 40x magnification observed under a Nikon eclipse 80i
(Nikon Instruments Inc., Melville, NY, USA) upright fluorescence phase contrast microscope. (B) Germboaiitig with
bulbous germ tube formation at 40x magnification after 2 days of incubation.

Host Range and Diseasesbibution

Septoria lycopersias prevalent worldwide, and it was first identified in Argentina in 1982
[25]. In the USA, it was first reported in 1895 in New Jerg2f]. The disease is most severe in
areas with prolonged wet and humid weather conditions in the vafldHowever, for unknown
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reasons, SLS has not been reported from North Asia (Russia and nearby co@ntries).
lycopersicican infect several alternate hosts such Cagssicum  annuurgbell
pepper)Cyphomandrapp. (tree  tomatg)lycopersicorspp. (wild tomatoesPDatura
stramonium(Jimsonweed)Petuniaspp. (PetuniaPhysalisspp. (Gooseberrygolanum
carolinensghorsenettle)Solanum floridanungFlorida Maple) Solanum
mammosuniNipplefruit), Solanum melongen@ggplant) Sdanum tuberosur{potato),Solanum
nigrum(black nightshadefolanum viarunftropical soda applefolanum paludosuffcreeping
daisy),Solanum sessiliflorurfLongleaf wood oatsPatura metel Devi | 6 s t rumyp
andSolanum athiopicurfAfrican eggplant) 21,28].

Disease Symptoms

Septoria lycopersids a hemibiotrophic fungus witbiotrophic and necrotrophic phases
during infection R9]. It can infect all aerial parts of the tomato plant, with rare fruit infections
[30]. Symptoms usually appear on older, lower leaves and stems at first fruit set in the field. In
Zambia,Septoriaisolates could be divided into type 1 (T1) and type 2 (T2) groups based on the
symptoms displayed on infected leav@3][ T1 isolates produce standard dark brown patches
measuring 5 mm in diameter, whereas T2 isolates produce gtagisin lesons with several
concentric rings ranging from 4 to 12 mm in diameter, which are unusual. However, in most
tomateproducing regions worldwide, symptoms are consistent with those formed by T1 isolates

[31].

In the field, symptoms caused By lycopersicfirst appear as small, round, or oval lesions
on lower leaves and gradually develop into necrotic lesions with a tan or light gray center
patches on older leaves could have a yellow halo surrounding the lesion and frequeggly me
giving a blighted appearan¢Eigure 1.2) One of its characteristics is the presence of pycnidia,
the fungal fruiting bodies, in the tan centers of the spots (Fip@€36]. The pycnidial wall
erupts, releasing the conidid7]. Spotted leaves eventually turn yellow and die prematurely,
causing premature defoliation. Thitefoliation typically starts with the oldest leaves and can
quickly progress up the plant toward new growth. Early defoliation can result in significant yield
losses 30].
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Figure1.2 Symptoms of Septoria leaf spot infection on tomato plant collected from the greenhouse, Mills River, North Carolina
(A) Dark brown necrotic patches on tomato leaves similar to the symptoms formed by T1 isolates [31]. (B)uEsayidbsions

with severaktoncentric rings similar to symptoms formed by T2 isolateegftoria lycopersici(C,E) Small dark dots are pycnidia
formed on the surface of the infected leaf area. (D) Symptoms seen on leaflets and stems after severe infection.

Disease Epidemiology

The fungus can persist on crop or solanaceous weeds (such as horsenettle, nightshade,
jimsonweed, and other solanaceous plants), host debris in the soil, and infected seeds as resting
structures such as mycelium and conidia within pycn@i:8P,40,41]. This fungus forms conidia
in pycnidia under moist conditions; these conidia need at leé482¥of 100% relative humidity
to germinate and cause infecti@#,36]. They can be spread to healthy tomato leaves by various
means, inalding splash dispersal from irrigation or rain events, vidache water droplets, and
insects. The conidia infect the tomato plant usually through stodib#24 3], with less evidence
of direct penetration4[40Q]. After infecting a host, initial symptoms typically appear within six
days. Pycnidia generally form withtwo weeks on brown to black leaf spots; conidia are released
from these pycnidia as cirrus, a ribbldte mass of mucubound conidia (Figure 1.2, Figure 1.3,
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Figure 1.4) 1841]. The release of conidia leads to secondary infection cycles (Figure 2.3). The
optimum temperature range for infection, symptom developmentpyerddia formation is 20

24 °C, with a minimum and maximum growth temperature ranging from 5 °C to 27 °C. Studies
have shown that conidia become noable, resulting in fewer spots when exposed to
temperatures higher than 30 °C for an extended pef6d1]. Conidia within pycnidia can
survive on infected tissue for up to thrgears B9,44]. The SLS epidemics are favored by high
rainfall, high humidity and moderate temperatur@s]|

5. New pycnidium formation
on infected leaves :
secondary inoculum of the
4. Pathogen enters season

through stomata or P Y
direct penetration Q
of epidermal cells

spread of the
conidia by splash
dispersal

R \ 7. Secondary

3. Splash disperal
of conidia

6. Survives on
infected crop
E debris.
S (o )
2. Conidia produced in o g

Pycnidium 1. Pathogen overwinter on
infected seeds; diseased plant
debris and alternate host

Disease cycle of Septoria lycopersici

Figurel.3 Proposed disease cycleSgptoria lycopersidn the tomato [45]. However, all photos of disease symptoms were initially
obtained from our Septoria research plots in Mills River, North Carolina.
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Figurel.4 Pycnidia, cirrus, and conidia formed at the surface of tomato leaves and potato dextrose agar (PDA) medium. (A) Cirrus
was visualized under a Steriobinocular microscope at the surface of infected tomato leaves. (B) Conidia observed under 20x
magnification (C) Cirrus was seen on the surface of PDA plates inoculate®ejittoria lycopersiavith unaided eyes. (D) Cirrus

was observed on media under a microscope.

Detecting and Identifyin@eptoriaUsing Current and Emerging Techniques

There is a pressing mbéor new detection tools and identification methodsSfolycopersigi
as there is a gap in current diagnostic techniques. Traditionally, the pathogen has been identified
using morphological and microbiological methods, focusing on the signs and syntptms
develop on the aerial parts of the host, the characteristics of hyphal cells, and the presence of
distinct pycnidia and conidia morphology. The pathogen can be identified by observing the size of
the hyphal cells, which average 15.90 x 3.10 um and hdrequent branching in myceliurgg].
The pycnidia are noted for their hollow, globose bodies lacking a distinct oStiole.
lycopersicdisplays optimal mycelial growth on potato dextrose agar (PDA). In contrast, clarified
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V8 juice agar, ¥4 strength PDA, and oatmeal agar (OMA) enhance sporulation with filiform conidia
varying in septation (® septa) and featuring blunt or pointed ends.

Theavailable studies do not record molecular diagnostic tools, representing a gap in current
diagnostic methods that could aid future diagnosis, detection, and identification protocols.
Efficient detection, especially of sebdrne inoculum, and accurate fus identification are
crucial for effective disease management. Methods have been developed for closely related fungi.
For example, a fluorescent re¢ahe PCR assay has been designed to measure the fungal biomass
of Mycosphaerella graminicoleanamorphSeptoria tritic) in wheat f7]. Specific primers were
cr eat e-ubulinrgenmsefuences that amplified a PCR product of 100 bp from pure cultures
of the fungus ad infected wheat leaves. The riate PCR assay was also helpful in assessing
biomass to distinguish between resistant and susceptible wheat cultivars. Likewise, the gPCR
assay was a powerful diagnostic tool fdycosphaerelldeaf spot diseases of bamean with
applications in surveillance, disease forecasting, and disease resistance4gsthitefnatively,
established and emergent detection technologies torexipclude serological fungal detection
assays, loopnediated isothermal amplification (LAMP), clustered regularly interspaced short
palindromic repeats (CRISPRpased detection, nucleic adidsed biosensors, and papesed
microfluidic devices 49,50,51,52]. Most of these techniques require unique genomic sequences
of the pathogen for rapid and accurate identification, a current gajswiyicopersii. We have
sequenced three field isolatesoflycopersidrom North Carolina and are currently analyzing the
data. This sequencing project aims to identify functional effectors involve8. in
lycopersicipathogenesis and explore simple sequence rep&BRs) to assess genetic
differentiation among U.S.A. populations. The resulting wigdaome sequencing data should
aid in developing DNAbased detection tools and advance research on pathogen biology, plant
pathogen interactions, and integrated diseamsagement strategies.

Another emerging area of productive research will incorporate remote sensing and imaging
combined with machine learning and artificial intelligence technologies. This will enhance disease
diagnosis, particularly at early stages, emapbetter disease management in tomato populations
and helping to phenotype plants in breeding progr&d54.

Pathogenesis

Understanding the pathogenesisSotycopersicis essential for devising effective strategies
for disease prevention, diagnosis, treatment, and developing host resistance. However, there is still
limited research on the pathogenesis mechanisn® bfcopersici n  t o ma t-toneatne An U
(steroidal glycoalkaloid) belonging to the saponin family has been shown to confer antifungal
activity in SLSresistant tomato cultivars. Howev&:., lycopersigroducesan extracellular
t omati nase enzy aanatn@andcause irdectipdds5,56. Toaunderstand the
role of the tomatinase enzyme, Martiternandez et al4B] conducted an experiment using a
mutated strain 08. lycopersiclacking the tomatinase gene. They found that the tomatinase gene
plays some role in disease development but is not the sole factor. Additional research is needed to
elucidate further the precise mechanisms underlying the role of tomatinase.

Additionally, research indicates that the jasmonic -ac#tliated defense pathway may not
significantly resisS. lycopersicin tomatoes29]. However, the ethylene signaling pathway might
be involved, though the exact mechanism requires further investig&tihnJeveral elicitor
molecules have been shown to induce resistance to different pathogens, but the specific
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mechanisms of host resistance suppression adainlgicopersicremain poorly understood
[5859.

To advance tomato breeding for resistance ag8&inlgicopersigiit is crucial to identify the
genes that confer resistandn instances where a single dominant gene confers resistance, such
asSth19in wheat againsZymoseptoria tritic(60] |, t he plant 6R) recognizé st anc
specific avirulence (Avr) genes of the pathogen, leading to resistance acti&fiom [many
pathosystems, localized plant defenses are swiftly activated ationfedies, limiting pathogen
invasion BZ]. Patterarecognition receptors (PRRs) on the cell membrane detect pathogen
associated molecular patterns (PAMPS), triggeAMP-triggered immunity (PTI)63,64]. In
compatible interactions witho& proteins, pathogens evade PTI within host tissues by altering or
suppressing their elicitor expression, subverting effettiggered immunity (ETI), and causing
effectortriggered susceptibility (ETS$H,66,67).

Advanced genomic tools amabdern breeding approaches, such as margsisted selection,
gene editing, and genomic selection, are pivotal to advancing tomato resist8ntgctpersici
Thus, a detailed understanding of the molecular intricacies of tén&to/copersicinteractons
combined with emergent methods is indispensable for developing effective and lasting resistance
strategies. This knowledge will inform the creation of robust tomato cultivars capable of
withstandingS. lycopersicinfections, contributing to the goat more sustainable and productive
tomato cultivation.

Current Disease Management Strategies for SLS

Effective disease management strategies are available for many tomato diseases. However,
SLS is particularly complex, and with the impact of climate chamgsigning effective
management programs may become even more challenging. Furthermore, the literature and well
developed IPM practices are limited to managing SLS. Therefore, developing new disease
management tools for SLS that can complement existoigsas crucial. These tools should be
sustainable, economical, and efficient to ensure that tomato growers can implement the best
solutions for their needs.

Cultural Methods

Proper sanitation methods can reduce inoculum loads in the field and redspeetie of
pathogen infections in crops. One of the most effective ways to achieve this is by removing or
burying plant debris after harvedt7]68]. Many growers may leave living tomato plants in the
field due to busy schedules; this enables the pathogen to multiply inoculum loads in the field and
increases the risk of epidemias subsequent tomato crops. Since the pathogen dwells on host
debris, crop rotation to a nesusceptible host is also an important tactic to encourage tomato debris
desiccation 19].

Diseasefree seeds can significantly reduce the risk of introducing the pathogen into new
crops B9]. Appropriate seed treatment techniques and routine monitoring should be implemented
to optimize the health and productivity of the plants. Sanitation also involves removing volunteer
seedlings in the field, alternative weed Isosear the field, and removal of any tomato seedling
transplants showing disease symptoms before p
di spersedo pathogens, avoiding contactlZ.with p
Following these practices can reduce the risk of disease and an epidemic that threatens yield loss.


https://www.mdpi.com/2311-7524/10/12/1299#B58-horticulturae-10-01299
https://www.mdpi.com/2311-7524/10/12/1299#B59-horticulturae-10-01299
https://www.mdpi.com/2311-7524/10/12/1299#B60-horticulturae-10-01299
https://www.mdpi.com/2311-7524/10/12/1299#B61-horticulturae-10-01299
https://www.mdpi.com/2311-7524/10/12/1299#B62-horticulturae-10-01299
https://www.mdpi.com/2311-7524/10/12/1299#B63-horticulturae-10-01299
https://www.mdpi.com/2311-7524/10/12/1299#B64-horticulturae-10-01299
https://www.mdpi.com/2311-7524/10/12/1299#B65-horticulturae-10-01299
https://www.mdpi.com/2311-7524/10/12/1299#B66-horticulturae-10-01299
https://www.mdpi.com/2311-7524/10/12/1299#B67-horticulturae-10-01299
https://www.mdpi.com/2311-7524/10/12/1299#B17-horticulturae-10-01299
https://www.mdpi.com/2311-7524/10/12/1299#B68-horticulturae-10-01299
https://www.mdpi.com/2311-7524/10/12/1299#B18-horticulturae-10-01299
https://www.mdpi.com/2311-7524/10/12/1299#B69-horticulturae-10-01299
https://www.mdpi.com/2311-7524/10/12/1299#B17-horticulturae-10-01299

12

Chemical Fungicides

Disease control can be achieved through repeated applicatiumgjicides 84,70]. Efficacy
experiments demonstrate pydiflumetofen, ddeonazole, benzovindiflupyr, chlorothalonil,
azoxystrobin, and metconazole were the most effective fungicides in contfdiptgriain
tomatoes 71,72,73]. Another study showed that combining cover crop mulch of winter rye and
hairy vetchwith weekly fungicide application led to significantly lower area under disease
progress curve (AUDPC) values for SLS and higher marketable yiéils However, it &
essential to note that reliance on fungicides can lead to the emergence of fungal pathogens that
evolve resistance to one or more modes of action, which is a significant challenge for the future
efficacy of fungicides. To address this, future researclildhexplore new techniques, such as
gPCR, to detect resistance mutation$§.idycopersicpopulations. Furthermore, it is essential to
implement fungicide resistance management measures to reduce the risk of emergent fungal
resistant populations 7§]. Integrating norchemical disease management tools or pest
management (IPM) strategies with fungicides can enhance product stewardship and profitability.

Botanical Pestides and Inducers of Host Resistances

Due to the limited availability of commercial cultivars with host resistance, researchers are
exploring alternative methods to induce systemic acquired resistance (SAR) in tomatoes. Synthetic
and natural products anple pt i des have been investigated t
carrageenan, a substance found in marine red seaappdaphycus alvareijielicited SAR in
susceptible tomato cultivars and enhanced their toleran& tgcopersienfection [76].

Moreover, eight botanicals (fresh leaves Pohgamia pinnataBougainvillea glabra
andEucalyptus globuleas well adragates erectaand frestAllium sativumbulbs) basedn
indigenous technical knowledge (ITKs) were used to cotréfcopersiciAmong theseAllium
sativum(65.10%) extract was found to be the most effective in preventing the grov&h of
lycopersici[77]. To date, such compounds are not routinely available for commercial growers.

Biological Control

Some growers prefer biological control agents (BCAs) because they have high toxicological
safety and a lower environmahtimpact. BCAs have been used to manage plant diseases in
conventional and organic tomato production systems. For instance, treating seeds and seedlings
with Bacillus subtiliscan significantly reduce several tomato foliar diseases, such as early blight,
SLS, and powdery mildew78]. Mycelial growth filtrate and mycelial extract Ganoderma
lucidumcan reduce disease severity and fungal spore germination by 90%9%ndn6tomato
plants, respectively. It can also induce tomato resistance a§ainktcopersic[79].
Similarly, Fusarium solarstrain FsK is an endophyte that cardrece the impact of soil and foliar
pathogensd7]. Interestingly, this endophyte can induce systemic resistance (ISR) in tomatoes
againstS. lycopersic[57]. Trichoderma harzianumanother prominent BCA, is also effective in
managingS. lycopersic[80Q]. It is not clear how widespread the use of these BCAs is in
commercial tomato production systems. Still, as the science and practice of these methods
improve, microbioméased biological solutions agair&t lycopersiccould be a pactical
approach to managing tomato diseases in the future. Integrating sanitation, cultural, biological,
and chemical techniques can help mitigate SLS epidedrt®1{82].
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Novel Sources of Disease Resistance

Wild tomato species arsignificant sources of resistance Septoria lycopersiciSome
tomato species likBolanum pimpinellifoliunS. chilenseS. habrochaitesS. peruvianumands.
cerasiformehave been reported to be resistant to SLS, SithirsutumS. habrochaitesandS.
peruvianumas the best sources of resistance (Table 2.19]. Pomesticated tomatoesS.(
lycopersicurpare the most susceptilfmlanumaccessions tested@4]. To date, resistance to SLS
has been identified as a roacespecific or quantitative trait loci (QTL). The resistance was first
found inL. hirsutum(Pl 126445) and icorporated intd.. esculentunjRutgers) to produce SES
resistant tomatoes19]. Similar efforts were made to transfer SLS resistance from
peruvianunto L. esculenim[25,83]. These findings were based on phenotypic evaluation rather
than gnomic information, as only phenotypic assessment was conducted to confirm the
incorporation of resistance in the progenies.

Tablel.1 List of novel sources of resistanceSeptoria lycopersidn tomatoes.

SolanumALycopersicon

. Host Response Accession Reference
species
LA-1910, CNPH1036, LA1984,
Pl 306811, LA1677, LA2744, LA [30]
11131
Highly resistant "\ 1 1675, LA1360, PI251307, RES, 78]
Pl 270435, PB90655
Pl 126944 [77]
PI1127829 [29]
LA-0107, LA11132, LA-1270,
S. peruvianum (Syn: CGO6711, LS121, CGO6708,
Lycopersicon Resistant CGO6716, LA2067, CGG6709,|[30]
peruvianum) CNPH1033, ID8624, CGG8200,

P1-128660, Pi365951, LA1626

P1126431, P1 128656, P1 127832 | [15]

LA-1292, LA1304, Pl 365951, H
128654, Pl 390671, P82, LA1723,

Moderately resistan) | 1983 pEas, PE31, PE22, PI| L8]
415127
Seqreqatin Pl 126926, PI 126928, P1 126930, 1, .
gregating 126944, Pl 126945, P| 126946,
S. peruvuanurgSyn:L. . Pl 128645, Pl 128652, Pl 128653,
peruvianum var. | Segregating [15]
128655
dentatum)
S. hirsutum $ynm L. | . . LA-2100, LA2650, LA2204, PE
hirsutum) Highly resistant 36 [78]
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Table 1.1 (Continued)

Pl 126445 [30]
LA-1366,LA-2124, LA-255 [78]
Resistant
P1126446, Pl 126447, P1 127826, [15]
126936
. | Pl 365934, PB4, Pl 390513, P
Moderately resistan 251305 [78]
Highly resistant CNPH1112 [30]
S. habrochaites _ WIR-3611, Pl 126445, P 134417,
Resistant 127826, Pl 134418, Pl 127827 [30]
WYR-7924, -03683
Highly resistant PI 422397 [66]
S. pimpinellifolium LA 0722 [29]
(Syn:L. Resistant Pl 126925, LA 1342, CNP19769 [30]
pimpineliifolium) Moderately resistan| P) 422397, LYCA/66, PB, PE12, | 1o
y PE3, PE-14
Highly resistant LA1800 [77]
_ Resistant Hawaii 7996, Santa Cruz [30]
S. lycopersicuniSyn:
L. esculentum Pl 111406, Pl 372364, Pl 427149,

Moderately resistan| 438875, Pl 97321, Pl 262892, | [78]
270418, P1 312188, Pl 452027

S. lycopersicum va
cerasiforme (Syn: L.

esculentum var. Moderately resistan| PE 64, PE 69, PE 78 [78]
cerasiformé
_ Highly resistant LA 460 [29]
fmecnhs'gense (Syn: L. MResistant LA 1967 [30]
Moderately resistan| LA 1960, LA 2404 [78]
S. lycopersicum X ¢ Highly resistant TX-407, CNPH0979 [30]
peruvianum Resistant TX-410, TX412, CNPH 0980 [30]
S. cerasiforme Resistant CNPH-0633 [30]
S. corneliomullerd. F. Resistant P| 126448 [79]

Machbr.

Breeding tomatoes for diseassistance has been a major fo@®4],[yet publicly available
information on the chromosomal location and markers for selecting lines with SLS resistance
remains linited. Over 700 tomato accessions were evaluated for SLS resistance, with only a few
moderately resistant lines found among tomato wild relatig. [Among 124 wild and
domesticated Solanum spp. accessions, 10 were highly resistant, and 33 were moderately resistant
to SLS in greenhouse and field screenirdg. [Additionally, Lycopersicon pimpinellifoliurfdusl.)

Mill has been identified as having moderate resistance to SLS, controlled by a single dominant
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gene [0,83]. However, this specific tomato line has not been incorporated into tomato breeding
programs due to its moderate resistance level and its association with small fruit size and late
ripening. A research team from West Virginia University (WVU) in the United States is
developing a tomato line with strong resistance to SLS. To do this, they are using in vitro ovule
culture, an advanced plant breeding technique, to-crxdisate tomato varietiesith wild species

known for their robust SLS resistance. The team identified two wild tomato sggcies,
peruvianum andS. arcanumas sources of strong SLS resistance. By employing in vitro ovule
culture, they overcame barriers that typically hindeicsssful hybridization between cultivated

and wild tomato species, resulting in the production of the BC3 generation. The main objective of
their research is to create a new tomato line that retains the desirable traits of cultivated tomatoes,
such as higlyield and good fruit quality, while incorporating the strong disease resistance found

in wild species. If successful, this new tomato line could provide a sustainable solution for
managing SLS, reduce dependence on chemical fungicides, and improve diepceesin
addition, the researchers are investigating the genetic basis of SLS resistance. They have identified
that the resistance is likely oligogenic, with three loci on chromosomes 2, 8, and 11 potentially
involved in conferring resistance to theatise $7,88]. Despite the identification of resistance in
various wild relatves and breeding lines, no commercial tomato cultivars are available that offer
satisfactory SLS resistance for growers.

Potential Genomic Tools and Modern Breeding Approaches: Implicatiofss fpcopersici

Innovative genomics technologies, such resxtgeneration sequencing (NGS), high
throughput marker genotyping, and omics technologies, have emerged as powerful tools for
understanding genome variation in tomatoes at the DNA, RNA, and protein levels. New genetic
approaches, such as advanbadkcras quantitative trait loci (ABTL) analysis, genomwide
association studies (GWAS), and genomic selection, can harness genetic variation in cultivated
tomatoes and wild relatives.

From conventional breeding practices to markerassisted selection (MAS)Breeding for
SLS resistance in an elite line of tomatoes can be challenging for a few reasons. Successful disease
phenotyping requires consistency and reliability. However, scoring quantitative phenotypes, such
as disease resistance, often leads to highneg in data. In recent decades, phenotyping has not
advanced as much as genotyping developments in molecular bi8€jg¥henotyping for SLS
resistance is subjaee. Transformation of scales has been developed to mitigate this pr@alem [
Additionally, phenotyping requires significant labor time; this may be mitigatedghremerging
digital methodologiesd]].

Another challenge is the lack of genetic variation in cultivated tomato lines when using MAS
[92]. Domesticated tomatoes only possess 5% of the genetic diversity found in their wild
counterpartsg3]. Despite these limitations, conventional breeding by MAS (Figure 1.5) has been
used since the 1980s and can significantly speed up traditional breeding efforts while lowering the
expense and associated wofd][ MAS work is limited for SLS; two RAPD markers were
associated with SLS susceptibility, whereas three RAPD markers were linked to SLS resistance
alleles P5. Due to the absence of a significant gene or QTL associated with SLS resistance in
tomatoes, molecular breeding for SLS has not been contempléied |
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Germplasm

Wild relatives, landraces,
breeding lines, RILs, NILs,

MAGIC Population
) ) ¥ +
Conventional Breeding Molecular Breeding Genetic Engineering New Breeding Technology

Recurrent selection Linkage mapping Transgenic technology Genome editing
Mutation breeding QTL mapping Transgenesis CRISPR/Cas
Trait phenotyping 4 Marker-assisted selection Cisgenesis TALENS
Hybridization Genome wide association ' ZFNs
Pedigree study(GWAS) VIGs
Backcrossing Genomic selection P RNAi
Mutagenesis

Elite tomato line

Figurel1.5 Proposed novel breeding tools to develop durable resistance to the Septoria leaf spot in tomatoes. Recombinant inbred
lines (RILs), Neatlsogenic Lines (NILs), Multparent advanced generation inteoss (MAGIC) populations, Quantitative trait

locus (QTL mapping), clustered regularly interspaced short palindromic refédSPRassociated nucleases systems
(CRISPR/Cas), Transcription Activatbike Effector Nucleases (TALENS), zinc finger nucleases (ZFNs), Mirdsced gene

silencing (VIGS), RNA interfeence (RNAI) [86,92,96,97,98,99,100,101,102,103,104,105,106,107].

It is important to note that resistance gefiegenes) specific to a particular pathogen race
may become less effective if new, more virulent races develop. Therefore, creatirgc@on
specific resistance through plant breeding strategies by combining diffegamtd? or using nen
R-genes methodsf genetic resistance is crucial. However, significant work is required to better
understand the traits related to quantitative resistanc® fgcopersici To expedite the
improvement of tomatoes, additional research is needed to identify QTLs linsely¢opersici
resistance, use modern selection methods, and use genomic information obtained from next
generation DNA sequencing technologies.

Plant disease resistance gene analogs (RGARJGASs are a group of genes linked to disease
resistance and are higmiority markers for advancing host resistanb@q. It is crucial to identify
known motifs such as recepilike kinases (RLKS), receptdike proteins (RLPS) irpattern
recognition receptors (PRRs), nucleotliliading domain, and leuciagch repeat receptors (NBS
LRRs) or NODlIike receptors (NLRs) foR-genes 108. This piocess was used to identify RGA
markers and to create a u$eendly database using various bioinformatics approach@§.[
Additionally, chromosomespecific 4668RGAs were identified in tomato, and the genes were
annotated 109. These mapped genomede RGASs create highlensityR-genes genetic maps,
developing diagnostic mieers with potential for céocating QTLs. Markers made from RGAs
can be used to finmap and clon®genes. To develop tomato varieties resistan§.to
lycopersiciusing RGAs, it is crucial to identify potential RGAs and incorporate associated SNPs.

QTL -seg mapping approach.The bulked segregant analysis (BSAL(Q approach could
be a faster, more accurate, and more straightforward method for identifying markargein |
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populations. BSA has been employed to assess disease resiS@nem\vever, it relies on an
appropriate disease phenotyping index. €EQ is a technique thabmbines BSA and NGS,
which has been proven effective in identifying significant QTLEI. However, it has limited
sequencing depth and is unsuitable for largeutadions. Moreover, identifying major QTLs that
explain a substantial portion of the observed phenotypic variation is challenging. Conventional
QTL mapping and QTiseq have identified significant QTLs in other crop$d. This method

has also enabled the identification of five key heat tolerance QTLs in tomatoes, arseBNA
analysis has further identified crucial genes linked to these (@ML3 Future work may discover
QTLs related t&. lycopersicresistance through parallel QTL mapping and €€Q. To identify
specific genomic regions associated with target traits, -N&8d BSAseq, which does not
require parental genome sequences, has been developed and utilized to introduce new trait
variations 114. Although some wild speciesgistS. lycopersic{Table 2.1) such resistance is
often linked to undesirable traits such as late maturity, indeterminate growth, small fruit size, and
lower yield B84,95].

Genomewide association study (GWAS)With advances in sequencing and genomic
technologies, GWAS and genotypibg-sequencing (GBS) serve as powerful tdotsdentifying
single nucleotide polymorphism (SNP) markek$q. GWAS is increasingly used to understand
guantitative resistance in field croddsf. For example, a 9K SNP wheat chip and GWAS analysis
in a panel of 528 spring wheat accessions were used to discover SNP markers significantly
associated with resistance to mpiki leaf spot diseases, includiSgptoria triticiblotch of wheat.

Novel QTLs were found and, subsequently, the candidate functional genes for critical agronomical
traits of wheat117]. A novel OmeSe@RRS (quantitative Reduced Representation Sequencing)
technology for genotyping has been developed to identify potential genmaemarkers
(basewisesolutions.com). Currently, we are using Geg and GWAS to analyzever 200
tomato accessions and discover potential SNP markers linked to QTL resistafce to
lycopersici[118. Tomato breeders have access to SNP chips, whichdankaeeding tomatoes.
However, SNP chips may not always effectively track desirable traits in unrelated tomato crosses
[119. Multiple QTLs with small but additie effects control many resistance traits worth selecting
for, making it challenging to advance host resistance.

The GWAS can be enhanced through the additional application of$&§Aanalysis. RNA
sequencing is a powerful tool that allows researchersvisiigate and analyze how genes are
turned on or off in response to pathogen attacks. It provides a comprehensive understanding of
host defense mechanisms against pathogens. Many researchers combine GWAS wittgRNA
analysis to clearly understand genesvated or suppressed during hgsathogen interactions
[120. Similarly, transcription factors are crucial in orchestrating the intricate molecular responses
duringhost defense pathways. They are proteins that regulate the expression of genes. Researchers
are increasingly using bioinformatics and machine learning techniques better to understand the
functions of transcription factord (4. These methods enable efficient analysis of large datasets,
pattern identification, and gene expression and regulatory network prediction. Scientists can
uncover the intricate molecular mecisans underlying host defense responses by combining
RNA sequencing, bioinformatics, and machine learning approaches. These emerging technologies
should provide a deeper understanding of how tomato plants defend themselvesSagainst
lycopersici

Genomic séection (GS).GS is an alternative method to MAS that is more effective for
guantitatively controlled traitslfL9. GS uses NGS and focuses on many markers. Thepoed
accuracy of GS can be improved by incorporating significant loci from GWAS and functional
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genes from molecular experiments as fixed effects in the GS mttligl 5enomic estimated
breeding values (GEBVS) are calculated using genotypic and phenotypic data, and they predict the
performance of breeding population members as parents of the following generafon |

Overall, these genomic tools hold promise to develop molecular markers that can be used to
speed up tomato breeding for resistanc8.ttycopersiciHowever, there are limited studies on
tomateS. lycopersicinteractions and potential sources of resistance to SLS. Additional research
on host resistance mechanisms to SLS is required. If the assumption that a single gene controls
resistance is incorrect, and several minor QTLs contribute, then genomic s€lé&)anay be a
practical approach for advancing tomato resistan&e typcopersici

Transgenic technologyThe emerging genetic modification of tomatoes shows great
potential for enhancing host resistance. Researchers can analyze and alter genes thetingh ge
transformation to develop new and improved crop varieties. Genetic engineering enables the
transfer or editing of desired traits in plants, which traditional breeding methods cannot achieve.
Scientists have employed genetic modification techniquesderstand the genes in tomatoes and
their natural functions, leading to the development of genetically modified tomato varieties. For
instance, boosting the levels of NPR1 (rexpresser of PR genes) proteins in transgenic tomato
lines enhances their istance to bacterial and fungal disead&3|. With the identification of the
genes causing both susceptibility and resistance to SLS in tomatoes, genetic teditsfcand
geneediting techniques may be applied to strengthen tomato resistance to SLS. To date, GMO
tomatoes have not been widely accepted in the market.

CRISPR technologiesGenome editing is a cuttirgdge technology with superior potential
for advanang breeding strategies. Unlike traditional breeding methods, genome editing enables
targeted modifications to nearly any crop genome sequence, generating novel variation and
accelerating breeding effortsld4. Genome editing relies heavily on accurate sequence
information of known genes influencing host resistance to determine the target position (Table
2.2). It has been implemented through precise sequence maadifecad confer resistance to
several tomato pathogens ; thus, it is a promising approach to advance SLS resistance.

The utilization of emerging genome editing tools such as zinc finger nucleases (ZFNs),
Transcription ActivatoiLike Effector Nucleases (TALKS), and clustered regularly interspaced
short palindromic repeats and CRISB8sociated protein 9 (CRISPR/Cas9) can provide new
approaches to enhance genetic diversity in crbp [Scientists have introduced genetic variation
from wild tomatoes into cultivated lines using CRISPR (Figure 1.6). This is crucial for enhancing
biotic and abiotic stress tolerance, particularly in the context of heightened concerndiaizdat
change, to ensure the resilience and productivity of crops (Table 1.2).
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Figure1.6 The implication of CRISPR/Céasased De novo domestication of wild relatives of tomato and
the list of genes targeted by CRISPR/Cas for improving the traits related to growth habits, fruit quality,
biotic and abiotic stresses [126].

Tablel1.2 Examples of CRISPR technology used to develop disessstant tomatoes.

Targetgene  Gene Function CRISPR Effects Tomato pathogens Reference
process
SIJAZ2 Co-receptor of Knock out Prevents stomat.Pseudomonas [110]
Coronatine (COR) in re-opening by  syringae
stomatal cells COR and
provides
resistance to
Pseudomonas
syringae
SIDMR61 Susceptibility gene Inactivatior Inactivation of  P. syringae; [111,112]
that transforms / knock out the gene enhancXanthomonas spp.;
salicylic acid (SA) disease resistan Phytopthora capsici
into inactive form or with increase SA
plays a function in S, levels and
homeostasis. transcriptional
activation @

immune respons



Table 1.2 (Continued)
Solyc08g07577encodes a short Knock
transmembrane prote out
with potential
phosphorylation and
glycosylation sites.
Negative regulator of Knock
jasmonic acid (JA) out
signaling

SIMAPKS;
SIMYC2

SIPLC2 Knock

out

Susceptibility gene,
triggered during
xylanase infiltration
(fungal elicitor) and
increasing ROS
generation resulting t
ROSinduced cell
death for fungal
proliferation.

PMR4 Knock
A susceptibility gene out
involved in the
accumulation of

callose at infection

sites

Susceptibility gene fo Knock
TYLCV out

SlIPelo

Knock
out

Coaat protein
(CP) and Rep
(Replicase)

TYLCV genes
involved in the
encapsidation of
genome and virus
movement and vectol
recognition.

Gene

rgsCaM Inducible promoter

and an endogenous insertion

silencer of RNAIi and
overexpressed after
virus attack

Knockout of the Fusarium oxysporum [113]
genesncreased f.sp.lycopersici
susceptibility

indicating its R

gene function.

Activates defenseBotrytis cinerea
enzymes and

enhances the

accumulation of

reactive oxygen

species (ROS)

Knockout of the Botrytis cinerea
gene reduceROS

and increases an

reduces JA and

SA response

marker genes,

respectively.

[114]

[115]

Confer resistance Oidium neolycopersic[116]
to PM by

complete lack of

calloseinfected

leaves

Mutation in the  Tomato yellow leaf
gene suppresses curl virus (TYLCV)
the accumulation

of TYLCV and

restricts the spre¢

to noninoculated

plant parts

Transgenic tomatTomato yelloweaf

plants shows curl virus (TYLCV)
efficient virus

interference with

low accumulation

of TYLCV DNA

genome

Efficient Tomato yellow leaf
reduction of virus curl virus (TYLCV)
load in

Cas9_sgRNA

inoculated plants

and the

catalytically

active rgsCaM

promoer in the

CRISPR construc

[117]

[118]

[119]
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DCL2b

elF4E2

MiR482

SIMYBS2

SIPMR4
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small RNA involved inKnock out Mutants with Tomato mosaic virus [120]
posttranscriptional dcl2b genes show(ToMV)
gene silencing (PTGs severe symptoms
and antiviral defense of viral infection
against tomato mosai under the natural
virus and manual
inoculated
condition
Translation initiation Knock out Shows variation irPepper veinal mottle [121]
factor 4E, resistance againsvirus (PYMV)
susceptibility factor to different isolates
genus of Potyviridae of Pepper veinal
mottle virus
(PYMV)
Conserved and large Knock out Simultaneous P. infestans [122]
gene families playing knockout of
essential functions in MIR482b and
regulating plant MIR482c genes
defense systems by confer resistance
targeting transcripts to Phytophthora
with nucleotide infestans
binding stes-lucine-
rich repeat (NBS.RR)
motifs
Regulates the ROS Knock outKnockout of the P. infestans [123]
level and the gene makes the
expression level of PF plant susceptible
genes and confer to the pathogen
resistance t®.
infestans
Susceptibility gene  Knock out confers tolerance P. Infestans; O. [116,124]
responsible for callose to P. infestan@ndneolycopersici
production in respons O. neolycopersic

to biotic and abiotic
stresses



Table 1.2 (Continued)
XSP10 and Xylem sap protein Knock out dualgene editing Fusarium oxysporum [125]

SISAMT (XSP) and Salicylic confers strong  f.sp.lycopersici
acid methyltransferas: phenotypic
(SISAMT) both act as resistaice against
susceptibility factors Fol

for Fusarium XSP
promotes compatibility
with Fusarium
oxysporunt. sp.
lycopersici(Fol),
facilitating its
colonization in tomato
plant roots and
contibuting to disease
symptom developmer
Meanwhile, SISAMT
catalyzes the
conversion of salicylic
acid to
methylsalicylate,
thereby reducing the
host's defense agains
multiple pathogen

attacks.
DDTFR10/A Differentially display Knock out Knockout of the Fusarium oxysporum [126]
tomato fruit ripening gene increaskFol f.sp.lycopersici
(DDTFR) gene is resistance in
induced by ethylene tomato

and classified as an
ethylene response
element binding

protein.
SITOM1laand Tobamovirus Knock out Simultaneous ToBRFV(tomato [127]
SITOM3 multiplication (TOM) knockout of both brown rugose fruit
susceptibility proteins genes increases Virus)
interact directly with resistance agains
the tobamovirus the tomato brown
replication protein, rugose fruit virus.

facilitating the
assembly of the viral
replication complex.
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Conclusions and Future Prospects

Innovative approaches and advanced technologies, beyond traditional fungicides, are
necessary to combat the threat of SLS in tomato production. In the short term, the focus should
shift towards maximizing the use of available technologies and explorergatitve management
techniques. This includes implementing more precise IPM strategies involving biological control
agents (BCAs), cultural controls, and fungicides. To facilitate progress, it is crucial to develop
accessible and practical techniques fleemqotyping SLS resistance and expanding the discovery
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of genetic resistance sources. In addition, to overcome current challenges in developing resistance,
the industry should prioritize the mtdrm application of cuttingdge plant breeding technologies,

such as CRISP&as9 and advanced genomic selection methods. The objective of collaborative
research projects should be to understand better thigpatsbgen interactions that contribute to

SLS susceptibility and identify new resistance mechanisms. Taeettzat tomato production
systems are resilient in the future, this effort must extend beyond SLS, addressing a range of
diseases and abiotic stress factors.

The longterm goal is to integrate durable resistance into tomato production systems fully.
This requires the development of solid and adaptive IPM frameworks that incorporate biological,
botanical, and sustainable agronomic practices alongside host resistance. Continuous monitoring
and adjustments of these systems are also essential to addressléhgehaosed by evolving
pathogen population changes and environmental stresses. Developing predictive models and
integrating Atdriven decisiormaking tools will be critical for achieving sustainable, profitable,
and climateresilient tomato production.

A multidisciplinary approach that prioritizes ecological stewardship, farmer engagement, and
scientific innovation is essential for effective SLS management. With decisive action and a clear
plan, the tomato industry can transition from reactive managepratices to proactive,
sustainable solutions essential for the future.
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2. Chapter I

GenomeWide Association Study Identifies Novel Loci Conferring Resistance to

Septoria Leaf Spot Septoria lycopersigiin Tomato (Solanum lycopersicum
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ABSTRACT

Septoria leaf spot (SLS), caused Sgptoria lycopersicbpeg., is an economically sifjcant

foliar disease threatening tomato production worldwide. Despite its potential to cause total yield
loss under conducive conditions, no reliable genetic resistance has been identified, highlighting
the urgent need to uncover resistance traits. Sthidy aimed to identify genetic loci and candidate
genes associated with SLS resistance through a gewalseassociation study (GWAS). A
diverse panel of 216 tomato accessions, including advanced breeding lines from North Carolina
State University, wildrelatives from the USDAARS (Geneva, NY), and accessions from the
Tomato Genetics Resource Center (UC Davis), was evaluated under controlled greenhouse
conditions. Seedlings were inoculated with locally isol&etycopersicstrains and phenotyped

over hree weeks. Disease screening identified 15 resistant, 50 moderately resistant, and 151
susceptible accessions, indicating broad phenotypic variation.-deig$ity genotyping using
OmeSeegRRS yielded 29,859 highuality SNPs. GWAS was conducted usingreedir mixed

model in the R packag@WASpoly, accounting for population structure with a VanRaden kinship
matrix. The analysis revealed five significant SNPs linked to genes involved in plant defense
responses. These loci represent the first molecular nsadssociated with SLS resistance in
tomato. The cdocalization of these markers with defenistéated genes provides valuable insight

into the genetic architecture of SLS resistance and establishes a foundation forassidted
selection. These findingwill support the development of Sk®sistant cultivars, reducing
dependency on chemical controls and enhancing the sustainability of tomato production.

Keywords:Septoria leaf spot, Genome wide association stRdgjstant, Tomato

Introduction

Tomatoes $olanum lycopersicunrepresent one of the most economically important vegetable
crops globally, with annual production exceeding 186 million metric tons in 2022, including 10
million metric tons from the United States alo(feAO, 2024) Major producing countries
including China, India, the United States, Turkey, and Egypt collectively support millions of
livelihoods across the entire value chain, from cultivation and processing to retail distribution. The
economic significance extends beyonunary production, with leading exporters such as Mexico,

the Netherlands, and Spain supplying fresh tomatoes and processed products to markets across
Europe, North America, and AJJRAOSTAT, 2025)

Despite this economic importance, tomato production faces persistent challenges from various
biotic stresses, with fungal and oomycete pathogens representing majelinyihd) factors
worldwide. Climate fluctuations and changing environmental conditians intensified disease
pressure, particularly during late summer growing seasons when favorable conditions promote
pathogen proliferatiorffJuroszek et al., 2020Among the numerous foliar diseases affecting
tomato production, Septoria leaf spot (SL&used by the fungal pathoggaptoria lycopersigi

stands as one of the most destructive and economically significant diseases globally.

Septoria leaf spot poses a particularly severe threat to tomato production systems across major
growing regions subgt to high leaf wetness periods, leading to premature defoliation, reduced
photosynthetic capacity, and substantial yield logsagoln & Cummins, 1949; Barksdale &
Stoner, 1978)The northeastern United States and surrounding regions face considistadue

to favorable environmental conditions that promote disease development that could result in
complete defoliation and crop failure. Under conducive conditions, SLS can cause yield losses
reaching 100%, as documented in various U.S. states dbarearly 19906Andrus & Reynard,
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1945; Delahaut & Stevenson, 2004; Dhangar & Choudhury, 202 infection cycle begins

with the overwintering of pycnidia in crop debris, followed by the release of conidia, during
favorable weather conditions, thaitiate primary infections on lower leaves. Secondary infections
occur through splash dispersal of conidia from pycnidia formed within lesions, creating epidemic
conditions that can rapidly devastate entire fields. The economic impact extends beyond direct
yield losses to include increased production costs associated with frequent fungicide applications,
reduced fruit quality due to sunscald and poor plant vigor, and limitations on marketability of
affected produce. Current management strategies rely heawilchemical control, cultural
practices such as crop rotation, and debris removal. The disease represents an emerging threat for
which reliable sources of genetic resistance remain elusive. While some varieties have been
released with claims of SLS todsrce, these appear to exhibit locatspecific resistance,
demonstrating efficacy only against local pathogen isol@edrus & Reynard, 1945Despite

being a key objective in tomato breeding programs, the development of broadly effective
resistanced SLS remains limited in cultivated varietigzgnthee et al., 2024)he urgent need to
develop sustainable management strategies for SLS has highlighted the critical importance of
identifying and deploying genetic resistance.

Resistance breeding repents the most environmentally sustainable and economically viable
approach for disease management, offering the potential to reduce chemical inputs while
maintaining yield stabilityfStuthman et al., 2007However, the lack of information of reliable
resistant genes for SLS resistance requires extensive genetic study to dissect the underlying
mechanisms and identify useful resistance alleles for breeding applications.

Genomewide association studies (GWAS) offer several distinct advantages for unrgve#

genetic basis of disease resistance in tomato, a crop characterized by extensive genetic and
phenotypic diversity. Unlike traditional biparental quantitative trait locus (QTL) mapping
approaches, Higher mapping precision and the identificatiormoéraus alleles across genetically
heterogeneous backgrounds are made possible by GWAS, which takes use of previous
recombination events within varied germplasm pa(®égichet et al., 2017; Tibbs Cortes et al.,
2021; Hakla et al., 2024By employing GWAS, specific variations in single nucleotides (known

as singlenucleotide polymorphisms or SNPs) that correlate with traits of interest, such as
agronomic traits, disease resistance, or fruit firmness and grey leaf spot resistance in tomato, can
be pinponted (Liu et al., 2023) This approach is particularly valuable for complex traits like
disease resistance, which are frequently governed by multiple loci with minor to moderate effects
distributed across the genoifigashir et al., 2022)n tomato, GVWAS facilitates the discovery of

novel resistance loci by integrating phenotypic and genotypic data from cultivated lines, traditional
landraces, and wild relatives, many of which harbor previously untapped resistanc@Agefzes

et al., 2017)Additiondly, GWAS enables the simultaneous detection of resistance loci to multiple
pathogens when integrated with miitit analytical framework@ashir et al., 2022)

The practical applications of GWAS results extend directly to modern breeding technologies
including markerassisted selection, genomic selection, and precision gene editing approaches
(Degen & Muller, 2023; Mishra et al., 2023)hese applications can significantly accelerate the
development of resistant cultivars while reducing dependencehemical control measures.
Overall, GWAS serves as a powerful genomic tool to enhance our fundamental understanding of
the genetic architecture underlying disease resistance while informing evluisent sustainable
breeding strategies in tomato pretlan systems.

To comprehensively characterize the genetic architecture underlying SLS resistance in tomato, we
conducted a genomeide association study (GWAS) with four primary objectives: assess genetic



37

diversity for SLS resistance within tomato gerngpta collections, map genomic regions
conferring resistance, identify candidate genes mediating resistance mechanisms, and develop
molecular markers for breeding applications. Our association panel consisted of 216 diverse
accessions, including advanced lotieg lines from the North Carolina State University tomato
breeding program, wild accessions obtained from the U.S. National Plant Germplasm System
(GRIN), and materials sourced from the Tomato Genetic Resource Center. This germplasm
collection encompassdmth elite allelic variants from contemporary breeding efforts and novel
resistance alleles from wild relatives, providing an optimal foundation for association mapping of
Septoria resistance traits.

We implemented a higresolution GWAS methodology inqaorating population structure and
kinship corrections to elucidate the genetic determinants of SLS resistance in tomato. Through
integration of significant SNP associations witHlgcalized candidate genes involved in pathogen
recognition, immune signaly; and stress response pathways, this research establishes a
framework for precision breeding approaches that minimize pesticide dependency, enhance yield
stability across production environments, and support sustainable tomato cultivation systems. The
molecular markers developed through this investigation provide practical tools for raask&ed
selection, facilitating accelerated development of -B$stant cultivars and advancing integrated
disease management strategies in tomato production.

Materiak and methods

Plant Material

We assembled a panel of 216 diverse tomato accessions comprising wild relatives, landraces, and
advanced breeding lines from three sources: (i) The Plant Genetic Resources Unit, USDA, ARS,
NEA in Geneva, NY (Plant Introductigil), n = 38), (ii) the Tomato Genetics Resource Center

in the Department of Plant Sciences at the University of California, Davis Lg#ogersicon
accession (LA), n = 6), and (iii) the tomato breeding programs at North Carolina State University,
North Carolina State University, MHCREC, Mills River, NC (n = 172).

Growing plants and greenhouse conditions

Tomato seeds were planted directly in 50 cell tray filled wily2Sungro potting soil, which
consists of Canadian sphagnum peat mos8(QP0), vermialite (510%), and dolomite limestone
(SUN GRO- SUNSHINE #1 F1ARS1 (LC1)- 2.8 CU. FT. 369001, Wyatpuarles Seed
CompanyP. O. Box 739 Garner, NC 2752@nd grown in a controlled environment greenhouse
maintained at 25+2°C. Plants were watered dailg #ertilized weekly with a balanced liquid
fertilizer (2020-20 NPK). The temperature was maintained between 23°C and 27°C, and the
relative humidity ranged between 60% and 80% to facilitate optimal conditions for Septoria leaf
spot development.

Inoculumpreparation and foliar inoculation

Septoria lycopersicisolate #SLSMR-2024, collected from naturally infected tomato plants in

fields in Mills River, North Carolina, during the 2024 growing season, and proven as highly
virulent, was used for inoculating the plants. Fresh inoculum was prepared {t6ni&iold

cultures grown on 5x clarified V8 agar medium. The 5x clarified V8 medium was prepared by
adding 5 g of calcium carbonate (CaCO ) to 34
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for 20 minutes, and filtering through four layers of sterile mugbth. The final medium consisted

of 200 mL clarified V8 juice, 800 mL distilled water, and 12 g eagar per litre, autoclaved at
121°C for 15 minutes (Ferguson and Jeffers, 1999). Spores were harvested by flooding culture
plates with sterile distilled ater containing 0.02% Tween 20 (Polyoxyethylene Sorbitan
Monolaurate, Research Products International Corp., Mount Prospect, IL). The spore suspension
was filtered through sterile cheesecloth to remove mycelial debris and adjusted to a concentration
of 1x10 spores mL T wusing a haemocytometer.
Fiveweekol d pl ants were inoculated with SLS spo
spores/mL by foliar spray application using a handheld sprayer until leaf surfaces were uniformly
wetted. Mockinoculated contrioplants were treated with sterile distilled water containing 0.02%
Tween 20. Following inoculation, plants were covered with transparent plastic sheets to maintain
high humidity (>95% relative humidity) and incubated at 25°C under controlled conditiassc P
sheets were removed 48 hours gostulation.

Disease assessment

After inoculation, plants were monitored weekly for symptom development for 5 weeks. Disease
assessment was conducted by disease severity (DS), rated on a scale from 0 to 5F7witere 0
symptoms, 1 = 110% leaf area affected, 2 =-P5% leaf area affected, 3 =-B0% leaf area
affected, 4 = 547/5% leaf area affected, and 5 =X@80% leaf area affected or leaf death showing
characteristic Septoria leaf spot symptoms (small, dark bspats with gray centers surrounded

by yellow halos). The area under the disease progress curve (AUDPC) was calculated for
resistance classification using the formula descriffgldlaner & Finney, 1977)The tomato
accessions were classified as resistansusceptible based on their mean AUDPC values.
Accessions with AUDPC values less than 30 were categorized as resistd0ta80noderately
resistant, while those with values above these thresholds were considered susceptible.

Experimental design and phatypic data analysis

The experiment was conducted in a randomized complete block design (RCBD) with six plants
per genotype per replication and two biological replications. The experiment was conducted two
times to ensure reproducibilitiReplications ad experiments were modeled as random effects,
while tomato accessionwere treated as fixed effects. Disease data were analyzed using R v4.3.0
(R Core Team, 2022Analysis of variance (ANOVA) was performed using the linear mixed
effects model (Imer)nction from the Ime4 packagBates et al., 2015pr mixed-effects models,

and posthoc pairwise comparisons were conducted using the emmeans) function from the
emmeans packag&earle et al., 198@yith Tukey's honestly significant difference (HS@pt at

P O 0.05.

Genotyping and SNP Calling

High-quality genomic DNA was extracted from young leaf tissue using the DNeasy Plant Mini
Kit (Qiagen, Germantown, MD) following the manufacturer's protocol. DNA concentration and
purity were assessed usingNanoDrop 2000 spectrophotometer (Thermo Fisher Scientific,
Waltham, MA), with samples having A260/A280 ratios betweer2l08considered acceptable.
DNA integrity was verified by agarose gel electrophoresis, and samples showing signs of
degradation were fextracted.
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A previously established procedure was used to create the OmgBRS)librariegKuster et al.,

2021; Rico et al., 2022)Jsing the QuaniT PicoGreen dsDNA Assay Kit (Invitrogen, Waltham,

MA), genomic DNA was measured and standardized ®Gn g/ ¢ | concentratio
construct the library, genomic DNA was sequentially double digested usingdRsihd Nlalll

(New England Biolabs) at 37 C for three hours and then at 80 C for twenty minutes. Following
each digest, custom singderandedlllumina P5 and P7 adapters with 96x96 varigblegth
barcodes/UMIs were added. Strand displacement and isothermal amplification using the Bst 2.0
WarmStart® DNA polymerase (New England Biolabs) allowed fragments to be incorporated into
adapters. To presve template DNA integrity and reduce-tdfget annealing, adapter annealing
depended on the-dp overhangs. The barcodes were between 7 and 10 bp.Using theiQuant
PicoGreen dsDNA Assay Kit (Invitrogen, Waltham, MA), genomic DNA was measured and
standa di zed to a 20ng/ ¢l concentration. I n orde
sequentially double digested using NHiF and Nlalll (New England Biolabs) at 37 C for three

hours and then at 80 C for twenty minutes. Following each digest, cusgimstnanded Illlumina

P5 and P7 adapters with 96x96 varidelegth barcodes/UMIs were added. Strand displacement

and isothermal amplification using the Bst 2.0 WarmStart® DNA polymerase (New England
Biolabs) allowed fragments to be incorporated into asfagfFigure 2.1).

Demultiplexing and quality filtering were carried out using ngsComposer and raw sequencing data
(Kuster et al., 2021)The process of quality filtering involved deleting théb buffer prior to
barcode sequences, demultiplexing with g mismatch tolerance, eliminating readings that had
faults in restriction enzyme motifs, and trimming using a sliding window of 10 bases with a final
quality score cutoff of 20. When at least 12 base matches were found, adapters were eliminated,
and reds that were less than 64 bp after trimming were not included. A PHRED quality score of
20 or above was also necessary for at least 80% of bases in each read.

The GBSapp pipeline was used to perform variant filtering and SNP calling on the-§liatitg

Fastqfle§x Bar ar yenya et al ., 2020 ; .Reads werealigneadtb . |, 2 (
the tomato reference genome SL4® (ycopersicunctv. Heinz). Tools like NextGenMap,

samtools, bcftools, bedtools, picard, and GATK v4.2.6.1 arededlinto the pipelinéLin et al.,

2014; Su et al., 2021Yhe number of alternate alleles per locus was represented by a genotype
score of 0 (homozygous reference), 1 (heterozygous), or 2 (homozygous alternate). After
accounting for missing data, 29,8%gh quality variants were identified. A minor allele frequency

(MAF) threshold of 0.02; a minimum read depth of 6 per genotype call; and a maximum permitted
missing data rate of 20% for variant calls were among the filtering criteria.
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Figure 2.1 Schematic overview of the library preparation workflow for mgsmeration
sequencing. Figure adapted from sequencing service provider (https://basewisesolutions.com)

protocols.

Population structure anghylogenetic analysis

To assess population structure and genetic relationships among the 21Gtmwassons, we used

asubset of 5006 NPs wi t h |

than 10% missing dat a

analysis was conducted using STRUCTURBE3WR with K values ranging from 1 to 10, with 10
independent runs for each K val(Reritchard et al., 2000)The burrin period was set to 10,000
iterations, followed by 50,000 Markov chain Monte Carlo (MCMC) iterations. The optimal K=4

value was determend usi ng

E \K amrethaal Gnsplentertdd tina Structure Harvester

(Evanno et al., 2005Y 0 account for potential population structure among the tomato accessions,
principal component analysis (PCA) was performed uSNgs filtered for genotype misginess

and a minor allele frequency (MAF) threshold of 0.02. The compressed VCF file was imported
into R using the vcfR package and converted into a genlight object via the vcfR2g@thghs

& Grunwald, 2023¥unction from the adegenet package, whgloptimized for handling large

scale genotype data. PCA was then conducted using the(fl®caar, 2025function, with the

number of retained principal components (PCs) set to five (nf = 5). The resulting PC scores were
extracted and visualized usiniget ggplot2 package to identify genetic subgroups and evaluate
population stratification. These components were subsequently considered for use as covariates in
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genomewide association models to correct for population structure. To visualize genetic
relationships within these populations, hierarchical clustering was performed using Ward's D2
method(Murtagh & Legendre, 2014)n genomavide SNP data, and phylogenetic trees were
constructed using the ggtree package in R.

The identification of these genetitusters is crucial for controlling population stratification in
subsequent genonwaide association studies (GWAS), as this vedlaracterized population
structure ensures that detected matkat associations represent genuine genetic effects rather
than artifacts arising from population stratification, while the substantial genetic diversity
observed, combined with clear subpopulation delineation, provides an ideal foundation for
association mapping analyses while maintaining the statistical power argcéss detecting
meaningful genotypehenotype relationships.

Linkage disequilibrium (LD) analysis
Prior to conducting genomgide association analysis, a comprehensive linkage disequilibrium
(LD) analysis was performed to determine optimal parametersaftdidate gene identification

and marker density assessment. The analysis was conducted using filtered SNP data (MAF > 0.02,

missing data < 20%) from the same VCF file used for GWAS analysis.
LD analysis was performed genowale using a custom R scripghplementing the vcfR package
(Knaus & Grunwald, 2017)We randomly sampled 2,000 higlality SNPs distributed across all

chromosomes to ensure representative coverage of the genome. For each chromosome, we

calculated pairwise LD (r2) values between SN#thin a maximum physical distance of 200 kb,
following established protocols for LD decay analysis in crop sp€€lag-Garcia et al., 2003;

Yu & Buckler, 2006)

The LD decay pattern was modeled using locally weighted scatterplot smoothing (LOESS
regression) to identify the relationship between physical distance and linkage disequilibrium. We
calculated the halflecay distance as the physical distance at which LD drops to 50% of the
genomewide mean r2 value. This hallecay distance was used to b#th parameters for

candidate gene identification windows and to assess the adequacy of marker density for association

mapping.

Genomewide association study (GWAS)

GWAS was performed using 29,859 highality SNPs and phenotypic data from 216 tomato
accessions. To control for population structure and cryptic relatedness, we used a mixed linear
model (MLM) implemented in the GWASpoly package ir{fsyara et al., 201&Endelman &
Rosyara, 2023)The kinship matrix was calculated using the VanRaden meiadRaden,

2008) and the first three principal components were included as fixed effects to account for
population structure. AUDPC was analyzed as a quantitaite Significance thresholds were
determined using Bonferroni correction (P <
(FDR) correction at q < 0.05. Manhattan plots and quaqtintile (QQ) plots were generated to
visualize the results arabsess the model fit.

Candidate gene identification and annotation

Genomic regions significantly associated with SLS resistance were explored to identify candidate
genes. The tomato reference genome annotation SL4.0 was used to identify genes within 100 k
of significant SNPs. Gene annotations were retrieved from the Sol Genomics Network

(https://solgenomics.net/organism/Solanum_lycopersicum/genoane functional annotations

0
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were verified using BLAST searches against the NCB#mealundant protein database. Conserved
domain analysis was performed using the NCBI Conserved Domain Database (CDD). Priority was
given to genes with known roles in plant defense responses, incluesigfance genes,
pathogenesiselated proteins, and genes involved in secondary metabolite biosynthesis. Gene
expression data from publicly available RMAQ datasets were examined to identify genes
differentially expressed in response to fungal pathogens.

To identify candidate genes within the significant genomic regions associated with Septoria leaf
spot resistance, we utilized a comprehensiMeaBed annotation pipeline. Genes located within
+100 kb flanking regions of significant SNPs were extractenh fitoee tomato reference genome
(SL4.0) using the rtracklayer package ir(lRwrence et al., 200955ene models were obtained
from the ITAG4.0 gene annotation file (ITAG4.0_gene_models.gff), and functional descriptions
were retrieved from the correspondiTgAG4.0 descriptions file (ITAG4.0_descriptions.txt). For
each significant SNP position, genes overlapping with the defined genomic windows were
identified using coordinatbased filtering, where gene boundaries (start and end positions)
intersected witlithe SNPcentered regions. The extracted candidate genes were systematically
annotated and characterized for their potential roles in disease resistance. Conserved domain
analysis was performed using the NCBI Conserved Domain Database (CDD). Particolimnatte
was given to genes encoding nucleofdeding leucinerich repeat (NBLRR) proteins, recepter

like kinases (RLKSs), pathogeneselated proteins, and components of defence signalling
pathways including salicylic acid, jasmonic acid, and ethylenpors® pathways. Gene
expression data from publicly available RMAQ datasets were examined to identify genes
differentially expressed in response to fungal pathogens.

Results

Phenotypic Variation and Disease Resistance Evaluation

A total of 216 tomato @essions were evaluated for disease resistance using Area Under the
Disease Progress Curve (AUDPC). Statistical analyses of disease severity were conducted using
R statistical software. Nearly 92% of the accessions were susceptible or modesastiyntre
(Figure 2.2) and 15 were resistant, 50 moderately resistant, and 151 were susceptible.
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Figure 2.2 Graphical representation of mean AUDPC values categorized by resistance levels.
Accessions with AUDPC values below 30 were resistant, those between 30 and 40 were
moderately resistant, and those above 40 were susceptible. Nearly 92% of accessions were
sugeptible or moderately resistant. The results represent the combined data of two experiments,
each two replicates of 6 plants in each experiment.

Genetic Diversity and Population Structure

The genomevide analysis revealed a total of 29,859 heglality SN° variants distributedcross

the 12 tomato chromosomes after quality filtering. These SNPs were retained after filtering for
mi ssing data (<20%) and miaorossthes2l6ltoenhteacdessieng.u e n c
These SNPs were used for all subssqupopulation structure and phylogenetic analyses. The
chromosomevise distribution showed relatively balanced coverage, with variant counts ranging
from 1,100 on chromosome 1 (3.7%) to 3,303 on chromosome 9 (11.1%) (Figure 2.3). The
distribution is relavely even across chromosomes, indicating good genome coverage for
association mapping. Physical mapping revealed uniform SNP density across most chromosomal
regions, with some areas of higher density and occasional gaps, particularly notable on
chromosome (Figure 2.4)The overall genotype frequency distribution demonstrated that 86.6%

of calls were homozygous reference (0/0), 10.75% were heterozygous (0/1), and 2.64% were
homozygous alternate (1/1), reflecting the genetic architecture typical obotpmatlations with
moderate levels of heterozygosity.



44

3303
11.1
3000 -
2746
9.2 2560 2576 5503 -9
8.4
Jui 2161 LB
C 7.5 e}
2 2000- e L
< 1855 3
> |
=z 6.2 6 =]
o o]
; 3
g )
£ 1100 s
Z 1000- ,
0- -0

|_Chr09 -

L}
o
—

—_
=
O

Cchro3 -
Chro4 -
chros -
Chr06 -

SI_Chr12-

SI_Chrll-

S|_Chroo -
SI_Chrol -
S|_Chro2 -
SI_Chro7 -
S|_Chrosg -

Chromg’some;’Pseugomolgcule (29859 total vgriant?)
Figure 2.3 Chromosomawise distribution of SNP variants in tomato GWAS panel. Bar chart
showing the number and percentage of SNP variants across thema®o chromosomes
(SI_Chr01SI_Chr13. A total of 29,859 variants were distributed across all chromosomes, with
chromosome 9 containing the highest number of variants (3,303 SNPs, 11.1%) and chromosome
1 containing the lowest (1,100 SNPs, 3.7%). fidiatively even distribution across chromosomes
indicates comprehensive genome coverage suitable for association mapping.
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Figure2.4Physicaldistribution of SNP variants across tomato chromosomes. Genomic
visualization showing the density and physical location of variants along each chromosome.
Green bars represent SNP density per genomic window, with the color scale ranging from 0 to
540 variants. The physical positions span from 0 to approximately 91avibistent with the

tomato genome size. Most regions show uniform variant distribution, with some areas of higher
density (darker green/yellow) and occasional gaps, evident on chromosome 3.

Population structure analysis using hierarchical clusteringatededistinct genetic relationships
among the tomato accessions, as demonstrated by the relatedness heatmap and dendrogram. The
analysis identified6 major genetic clusters with clear block patterns, indicating-aefihed
subpopulations within the gepiasm collection that reflect diverse genetic backgrounds
encompassing closely related breeding lines, distinct varieties, and materials with different
geographic origins (Figure 2.5). The heatmap displayed high overall genetic diversity, with most
off-diagonal values ranging from white to light pink (indicating low to moderate relatedness) and
dark red diagonal elements confirming perfect-selfelation for each genotype, while values
spanned from negative correlations (blue regions indicating gengtiltedrgent accessions) to

high positive correlations (red blocks representing closely related materials). Specific clusters
showed varying degrees of genetic similarity, with some genotype pairs exhibiting very high
relatedness (bright red blocks) whiléhers displayed substantial genetic distance (white/light
regions between clusters), indicating the collection includes both closely related breeding materials
and more distantly related wild and cultivated varieties representing multiple distinct genetic
backgrounds.
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F|gure25 Genetic reIatedness heatmap and hlerarchlcal clusterlng of tomato accessions. The
heatmap displays pairwise genetic relationships among all accessions based orvgdedinNP

data, with the colour scale ranging from blud, (indicating negative correlah/genetic
divergence) through white (0, no correlation) to red (1, perfect positive correlation).

STRUCTURE analysis revealed distinct genetic clustering among the tomato accessions. The
Evanno's delt& method identified the optimal number of populations as K=6, indicating the
presence of six distinct genetic clusters within the dataset (Figure 2.6).
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at K = 3, a scondary peak at K = 6 was selected as the optimal K value for population structure
analysis. This decision was supported by the biological relevance of the resulting clusters, stability
across replicates, and clearer representation of genetic substimi¢theeorresponding Qlots.

Principal Component Analysis

PCA using 5,000 SNPs (filtered at MAF O 0.02)
the 216 tomato accessions. The first five principal components explained 42.97% of the total
geneticvariance, with PC1 and PC2 accounting for 20.3% and 7.8% respectively (Figure 2.7). The
clustering patterns reveal distinct population subgroups, with several outlier accessions positioned
at the periphery of the main clusters, indicating greater gedetezrgence. The continuous
distribution of points suggests gradual genetic differentiation rather than discrete population
boundaries, consistent with the breeding history and genetic diversity present in the tomato
germplasm collection. This populatiorristture visualization supports the genetic relatedness
patterns observed in the hierarchical clustering analysis and provides essential information for
controlling population stratification in genomade association studies
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Figure2.7 Principal Component Analysis (PCA) of 216 tomato accessions based on 5,000 SNPs.
The scatter plot shows the distribution of accessions along the first two principal components, with
PC1 explaining 20.3% nal PC2 explaining 7.8% of the total genetic variation. Each point
represents an individual tomato accession, and the spatial arrangement reflects genetic
relationships among the accessions.
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Further principal component analysis was conducted to visuakzentllttdimensional genetic
structure within the tomato germplasm collection, with results presented across multiple PC
combinations to capture the full extent of population stratification (data not shown). The first four
principal components collectiveBxplained 39.6% of the total genetic variation, with PC1, PC2,
PC3, and PC4 accounting for 20.3%, 7.8%, 6.5%, and 4.9% of the variance, respectively. The
three pairwise combinations (PC1 vs PC2, PC2 vs PC3, and PC3 vs PC4) revealed consistent
clustering atterns while exposing different dimensions of genetic relationships among the 216
accessions. The PEAC2 plot displayed the primary population structure with distinct genetic
groups and several outlier accessions, while the-lPC2 and PGPC4 combinatios revealed
additional layers of population stratification that were not fully captured in the first two
dimensions. This mukilimensional analysis confirmed the complex genetic architecture of the
germplasm collection and demonstrated that populatiattate extends beyond simple two
dimensional relationships. The comprehensive characterization of genetic structure across multiple
PC combinations ensures accurate identification of population stratification effects that must be
controlled in subsequenegomewide association analyses, as genetic relationships may manifest
differently across various dimensions of the genetic space.

Hierarchical Clustering and Phylogenetic Relationships

Phylogenetic analysis using Ward's D2 hierarchical clustering meéweagled distinct genetic
structure among the 216 tomato accessions, which were successfully partitioned into six major
subpopulations (Figure 2.8). The famaped phylogenetic tree demonstrates clear clustering
patterns with weldefined branches separgg the different genetic groups. Population 5
(Sub_pop5) represented the most significant cluster with 60 individuals (28.04%), followed by
Population 1 (Sub_pop1) with 55 individuals (25.7%), indicating these two groups contain the
majority of the geneti diversity. Population 4 (Sub_pop4) comprised 44 individuals (20.56%),
while Population 2 (Sub_pop2) included 35 individuals (16.36%). The smaller clusters were
represented by Population 3 (Sub_pop3) with 16 individuals (7.48%) and Population 6 (Sub_pop6)
with only 4 individuals (1.87%), suggesting these may represent more genetically distinct or
specialized lineages. The distribution pattern indicates a relatively balanced genetic structure
among the first four populations. Additionally, two minor fadypulations appear to represent
either unigue genetic backgrounds or admixed individuals with distinct ancestry. Some wild
relatives clustered with the advanced breeding lines, which may be attributed to the shared genetic
background derived from wild tomaézcessions used in the development of these lines.
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A Phylogenetic Tree (Ward.D2) - 6 Sub-populations B

Figure2.8 Phylogenetic tree and population structure analysis of 216 tomato accessions.-(A) Fan
shaped phylogenetic tree constructed using Ward's Dartiecal clustering method based on
Euclidean genetic distances. Six distinct-poipulations are colezoded: Sub_pop1 (olive green),
Sub_pop2 (gray), Sub_pop3 (yellow), Sub_pop4 (orange), Sub_pop5 (blue), and Sub_pop6
(purple). (B) Bar chart showing thistribution and proportion of individuals within each of the

six identified populations (K=6). Numbers above bars indicate absolute counts, with percentages
shown in parentheses.

Linkage Disequilibrium Patterns and Decay

Typical patterns of linkage diseitjbrium decline with increasing physical distance between
markers were found by the genomae LD study. The breakdown of linkage disequilibrium
caused by recombination events during evolutionary time was confirmed by the analysis of
pairwise LD calculabns over all chromosomes, which showed a substantial negative association
between physical distance ard/alues.

Linkage disequilibrium decreases to around 50% of its highest value at this physical distance,
according to the LD decay analysis, whiptoduced a halflecay distance of 98 kb. This half
decay distance reflects the breeding procedures and demographic history that have shaped LD
patterns in this species and is in line with values reported for other cultivated tomato populations.
Based on tb observed linkage disequilibrium (LD) decay pattern, we defined a candidate gene
identification window of 147 to 196 kb around each substantially related SNP marker. This
window size guarantees thorough coverage of the genomic regions most likely iio cansative
variations, and it is 1.5 to 2 times the hadfcay distance. Additionally, it reduces the possibility

of misidentifying candidate genes as a result of misleadingel&led falseositive results.

Genomewide association study

The genomavide association study (GWAS) was conducted using three different analytical
approaches: additive;dom-alt, and *domref models, using the AUDPC (phenotype of interest)
to identify genetic variants associated with the phenotype of interest. The anmatsied 216
individuals and 28759 SNPs across all autosomal chromosomes after quality control filtering.
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The Manhattan plot (Figure 2.9A) illustrates the distribution of association signals across the
genome, withl 0 g (P) wval ues p blpdsitioa ibr each taested watiant.cTtvo 0 mo s
significance thresholds are indicated: the Bonferroni correction threshold (red dashed line) and the
false discovery rate (FDR) threshold (blue dashed line). The additive model demonstrated the
strongest associatieroverall, with the highest peak signals and the greatest number of variants
exceeding suggestive significance thresholds. Several genomic regions showed evidence of
association above these multiple testing correction thresholds. The most striking iasssigiadl

was observed on chromosome 5, where a single variant achieved peak significance of
approximatelyl o g (P) = 5.7, substantially exceeding
secondary prominent signal was identified on chromosome 7, Ve#ldaariant reaching o g ( P)

= 6.0, representing the strongest association detected in this study.

Additional noteworthy associations approaching or exceeding the FDR threshold were observed
across multiple chromosomes; however, for this study, waded the SNPs with 0 ¢ (P) abo
4.5, including chromosomes 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10. These signals suggest a polygenic
architecture underlying the studied trait, with multiple loci of modest to moderate effect
contributing to phenotypic variain.

The quantileguantile (QQ) plots (Figure 2.9B) assess the distribution of observed versus expected
P-values under different genetic models. All three inheritance models (additd@mnibant

alternative, and -lominantreference) showed substantiviation from the null expectation in

the tail regions, indicating genuine association signals rather than systematic inflation due to
population stratification or other confounding factors. The additive model demonstrated the most
pronounced deviation dm the expected distribution, with obserded g ( P) val ues
approximately 6.0 compared to expected values of 4.0 in the extreme tail. The dominant models
(both alternative and reference) showed similar but slightly less pronounced deviatigastiagg

that the additive genetic model best captures the underlying association architecture.

The genomic control parameter appeared-a@ifitrolled across all models, as evidenced by the
adherence to the expected distribution in the central portiored®R plots, indicating minimal
systematic bias in the association results.

These findings provide strong evidence for genetic associations with the studied phenotype,
highlighting two major loci on chromosomes 5 and 7 that surpass stringent multipig tes
thresholds. The concentration of significant associations on chromosome 7, along with suggestive
signals observed across several chromosomes, indicates that the trait likely has a polygenic
architecture. The additive genetic model produced the stsbagsociation signals, indicating that

the identified variants follow an additive mode of inheritance rather than a dominant one. Further
fine-mapping and functional studies of these loci are needed to identify causal variants and to
clarify the underlyig biological mechanisms.
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Figure 2.9 Genomewide association study results for the AUDPC trait. (A) Manhattan plots
showing association results across 12 chromosomes for three genetic models: additide (top)
domalt (middle), and ddomref (bottom). The yaxis representd o g-valuéspPand the-axis

shows chromosomal positions. The red dashed horizontal line indicates the geideme
significance threshold (p = 5 redents the bulygestiye, and
significance t hr es h o-dudntl¢(@Q)plotsidr thetlree genetic nfode)s Qu a r
showing observed versus expectedo g-valuéspP The red dashed diagonal line represents the
expected distribution under the niiypothesis. Blue dots represent observedhlpes, with

deviation from the diagonal at the extreme tail indicating true associations. The additive and 1
dom-alt models show appropriate calibration, while thdoinref model displays early deviation,

suggesing potential inflation.
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Candidate Gene Identification:

GWAS dentified multiple significant SNPs associated with resistan&e kgcopersicin tomato.

Based on the linkage disequilibrium analysis showing adedfy distance of 98 kb, candidate

gene identification was conducted within a maximum search window e19@kb surrounding

each significantly associated SNP marker. However, priaréts given to genes located close to
significant markers, as these represent the highest confidence associations due to more substantial
linkage disequilibrium. The majority of candidate genes identified were positioned witi3d 10

kb of their associate markers, placing them well within the zone of strongest linkage
disequilibrium and providing high confidence in the maifene relationships. To ensure
comprehensive coverage while maintaining analytical rigor, genes located within 100 kb of each
significant SNP were systematically examined, with particular emphasis on those demonstrating
known or predicted functional roles in plgrathogen interactions. Candidate genes were selected
based on three main criteria: (1) functional annotations implicedleg in disease resistance (e.g.,
transcription factors, detoxification enzymes, recepkar kinases), (2) physical proximity to

SNPs, and (3) supporting evidence from previous studies in tomato or related species and gene
categorized in their role oraphogen recognition, signal transduction, protein degradation and cell
wall modification. Based on the above criteria a total of 223 genes were identified within £100 kb
of 11 significant SNPs (Supplementary Table 1). Individually, these SNPs explainezebet
8.27% and 15.46% of the phenotypic variation in disease resistance (Table 2.1), as measured by
AUDPC.

Table2.1 List of significant SNPs identified by GWAS, their percentage of phenotypic variance
explaned (R?), and effect interpretation in resistanc8eptoria lycopersian tomato.

S.N. SNP R2 Percent Interpretation

1 Chr07_65548912 15.46% Highest effect, key candidate locus
2 Chr05_36613 13.95% Relatively strong effect
3 Chr06_31163628 13.21% Relatively strong effect
4 Chr06_2623853 12.38% Relatively strong effect
5 Chr09 62772154 12.33% Relatively strong effect
6 Chr02_38403479 11.85% Moderate effect

7 Chr01_4345059 11.66% Moderate effect

8 Chr04_2883395 11.32% Moderate effect

9 Chr04_28635042 10.94% Moderate effect

10 Chr10_1691268 10.54% Moderate effect

11 Chr07_62288658 8.27% Moderate effect

Prioritized Candidate Genes for Septoria Resistance

Among the significant loci identified through GWAS, several chromosomes harbaraddidate
genes potentially involved in resistanceSkptoria lycopersici Of particular interest was
chromosome 5, which contained multiple significant SNPs (Chr05:36635 cluster) with strong
effect sizes (R? =13.95%) and harbored a highly conmgelteandidate gene: aB®-interacting
protein with a DUF239 domain located 25 kb from the SNP. This-NiPacting protein
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represents a mechanistically relevant candidate for Septoria resistance, as NEP (necrosis and
ethyleneinducing protein) effectorsare commonly secreted by fungal pathogens,
including Septoriaspecies, to induce tissue necrosis and suppress plant defleasgserton &
Salmond, 2004; Pirc et al., 202The presence of a NEHRteracting protein suggests a direct
pathogen recognitiomechanism where the plant can detect and respond to Sejedrxiad NEP
effectors, potentially triggering early defense responses before pathogen establ{€onenet

al., 2014) Additional candidates on chromosome 5 included a cystahaeceptoilike protein

kinase 3 (Solyc059g005050.3), an alpha/beta hydrolase superfamily protein 10 kb away, and a B3
domaircontaining transcription factor 22 kb from the SNP, collectively suggesting a coordinated
defense response involving pathogen recognitionnasigransduction, detoxification, and
transcriptional regulation.

Chromosome 7, which contained the SNP with the highest overall R? value (Chr07:65548912, R?
= 15.46%), included notable candidates: a protein kinase daroataining gene located ~10 kb

from the SNP, an E3 ubiquitiprotein ligase RMA1H1 (Solyc07g063200.3), and a cytochrome C
oxidase copper chaperone 5 kb away, all of which are implicated in immune signaling pathways.
Another significant SNP on the same chromosome (Chr07:62288638¢alzed with callose
synthase 12, a key enzyme in cell wall fortification during pathogen invasion, along with a
ubiquitin-conjugating enzyme and leuctieh repeat receptor protein kinase EMke.
Chromosome 2 featured an NRER disease resistance protégolyc02g070750.1) situated near

a significant SNP (Chr02:38403479), while chromosome 6 contained multiple resistkted
candidates around SNP Chr06:2623853, including an intragenic Cullinl gene (Solyc06g008710.3)
and a nearbyJbox/Kelchrepeat prote SKIP30 within 8.2 kb, indicating possible involvement

in ubiquitinrmediated protein degradation pathways.

Additional strong candidates included a-8@maincontaining transcription factor 22 kb from a
significant SNP on chromosome 5, which is involvadstress responses and transcriptional
regulation. On chromosome 9, a significant SNP (Chr09:2452059) was intragenic to a DNA
demethylasel gene, with a CTHie protein kinase3 located 15 kb away, implying potential

roles in epigenetic regulation and rhmmne signaling. Chromosome 4 harbored a cysteine
proteinase superfamily protein (Solyc04g024710.4) near SNP Chr04:28635042, consistent with
stress response functions. On chromosome 10, multiple detoxification proteins were identified near
SNP Chr10:16912) suggesting roles in neutralizing pathogkemived toxins.

Taken together, these findings reveal a diverse set of candidate genes distributed across multiple
chromosomes that are associated with essential defelased processes, including pathogen
detection, signaling, transcriptional regulation, detoxification, and cell wall modification. From
this comprehensive list, a subset of h@ginfidence candidates was selected (Table 2.2) for further
functional validation to better understand their specifimtgbutions to Septoria leaf spot
resistance in tomato.



Table2.2 High-priority candidate genes for Septoria resistance, with their genomic positions and
putative biological roles.
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SNP (%) CandidateGene Functional Relevance Gene ID
Chr07_655489 154 E3 ubiquitinprotein ligase Immune protein Solyc07g063200
12 6 RMA1H1 degradation 3
13.9 NEP-interacting protein .. Solyc05g005050
Chr05_36627 5 (DUF239) Pathogen recognition 3
Chr05_36627 13.9 Cystelnerlt_:h r_eceptomke Defense signaling Solyc05g005050
5 protein kinase 3 3
Chr02_384034 11.8 Disease resistance protein Direct pathogen Solyc02g070750
79 5 (NBSLRR) resistance A
Chr06_262385 12.3 . Ubiquitin-mediated  Solyc06g008710
Cullinl : .
3 8 immunity 3
Chr04_286350 10.9 Cysteine proteinase s Solyc04g024710
42 4 tress response 2
gg r07_622886 8.27 Callose synthase 12 Cell wall fortification 830|y0079053980

Validation of ResistaneAssociated SNPs in Selected Tomato Accessions

To validate the SNPs identified through GWAS, we assessed their presence or absence across
selected tomato accessions exhibiting contrasting

Interestingly,all resistanceassociated SNPs were consistently detectetthenhighly resistant

accessions and absent in the susceptible ones. This strong correlation reinforces the potential

functional role of these SNPs in conferring resistance to Septoria leaf spot.

resistance phenotypes (Figure 2.10).
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Figure2.10 Presence/absence pattern of GWééntified resistancassociated SNPs in selected
tomato accessions.

Discussion

This study represents the first comprehensive GWAS of resistance to SLS in tomato, revealing a
complex polygenic architecture underlying teonomically important trait. As the first GWAS

of its kind for SLS, this study not only fills a critical knowledge gap but also provides a foundation
for the development of resistant cultivars through maassisted selection and functional
genomics. Ths study identified 11 significant SNPs located on seven chromosomes (1, 2, 4, 5, 6,
7,9, and 10), confirming the quantitative nature of SLS resistance, with individual loci explaining
8.27% to 15.46% of phenotypic variation. This polygenic pattern isistens with previous
studiesof other tomato diseases, including early bligkitdrnaria solani, or Alternaria linariag

where multiple small to moderagdfect loci collectively contribute to resistance phenotypes
(Foolad et al., 2002; Panthee & Ch206,10; Nguyen et al., 2021; Adhikari et al., 2023; Kawicha

et al., 2023)

The distribution of resistance alleles within the diverse germplasm panel in this study revealed that
only 6.9% of accessions exhibited true resistance (AUDPC < 30), with 23dw®tnghmoderate
resistance (AUDPC 380), highlighting the scarcity of effective resistance sources in cultivated
tomato. This low frequency of resistance alleles supports previous observations that SLS resistance
has been challenging to introgress into nwmrcial varieties, likely due to the polygenic nature of

the trait and potential linkage drag from wild species dor{®andey et al.,, 2024)The
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concentration of resistance alleles primarily in wild accessions and early breeding lines suggests
that sysematic utilization of these genetic resources through madssted selection could
significantly enhance resistance levels in modern cultivars.

The genomic regions identified in our study represent novel QTL for SLS resistance, as
comprehensive genetimapping of this trait has been limited in previous research. The most
significant association on chromosome 7 (Chr07_65548912, R? = 15.46%) represents- a major
effect locus that warrants immediate attention in breeding programs. Notably, while the specific
SNPs identified in this study are novehromosome 7 has previously been reported to harbor
resistance genes for other necrotrophic pathogens in tomato and related Solanaceous species
(Kanwar et al., 1981; Foolad & Panthee, 2012; Gonz@kxzdales et g12016) suggesting this
chromosomal region may contain clustered defense mechanisms withspewzdim potential.
Similarly, the second major locus on chromosome 5 (Chr05_36627, Rz = 13.95%) is located on a
chromosome known to contain established nlgdfegene clusters for other tomato diseases,
supporting the biological relevance of this genomic re@ron et al., 1998; Foolad & Panthee,
2012)

Our findings complement and extend previous QTL mapping studies in tomato for related diseases.
The idenification of resistance loci on chromosomes 2, 4, and 6 corresponds to chromosomes that
have previously harbored early blight and late blight resistance genes, suggesting these
chromosomes may contain defense gene clusters that contribute to respomstsradaple
pathogen types, including necrotrophic and hemibiotrophic pathdgense, 1971; Foolad &
Panthee, 2012; Panthee et al.,, 2017; Lapdz et al., 2023) However, the specific SNPs
identified in our study represent entirely novel varightd have not been previously associated
with resistance to any tomato disease, as confirmed through comprehensive comparisons with
published resistaneassociated polymorphisms from other tomato disease studies.

The comprehensive candidate gene anahgsisaled several relevant genes that provide insights
into the molecular basis of SLS resistance. The identification of aiNERcting protein with a
DUF239 domain on chromosome 5 represents a particularly compelling candidate, as Septoria
species arertown to secrete necrosis and ethylerducing proteins (NEPS) as virulence effectors
(Pemberton & Sal mond, 2004 ; Be n. NedliBkaproteks et al
(NLPs) represent a widespread family of secreted effectors found ack@ssedmicrobial
phytopathogens, including bacteria, oomycetes, and {engiet al., 2021)These proteins derive

their name from the founding member, "necrosis and ethyteheing protein 1" Kep),
characterized initially ifFusarium oxysporuniBailey, 1995) NLPs exhibit a remarkable dual
nature in planpathogen interactions, functioning simultaneously as pathogenic weapons and
immune triggers. As pathogen virulence determinants, NLPs operate atikexirtolecules that

induce tissue necrosihirough their unigue mechanism as pfwening toxins (PFTs). They
represent the sole family of microbial PFTs capable of effectively compromising plant cells by
disrupting plasma membrane integriiyirc et al., 2023) This membranelamaging activity
enables pathogens to breach cellular barriers and establish infection. NLPs also function as
microbeassociated molecular patterns (MAMPS) that trigger robust plant immune responses
in Arabidopsisand other dicotyledonous speci@@ome et al., 2014)The® proteins rapidly
activate defense cascades and induce programmed cell death, particularly in dicotyledonous plants
(Ottmann et al., 2009; Cabral et al., 2012; Dong et al., 2012; Béhm et al., 2014; Han|.ai0)

NLP detection, plants mount comprehgrsdefense responses encompassing multiple protective
mechanisms. These include reactive oxygen species generation, cell wall reinforcement,
upregulation of defense gene expression, and antimicrobial compound accumulation. This
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coordinated defense respenwovides resistance against both adapted andaeypied pathogens
(Oome et al., 2014)rhe recognition of NLPs activates two primary immune pathways: MAMP
triggered immunity and effectdariggered immunity. Both pathways converge to establish
multiple defense barriers that restrict pathogen progression and ultimately terminate microbial
growth (Pirc et al., 2023)Since these NLlihteracting proteins participate in early pathogen
recognition and response mechanisms, they could potentially donoi@dspectrum resistance
effective against multiple pathogen species that deploy NLP effectors in their infection strategies.
Similarly, the identification of an NBERR disease resistance gene near the significant SNP on
chromosome 2 (Solyc02g070750.1)pports the involvement of classicalg@nemediated
resistance pathways. NBIRR proteins represent the largest class of plant resistance genes and
constitute the primary mechanism for pathogen recognition in higher pleyers et al., 2003;
McHale etal., 2006) These proteins are characterized by a tripartite domain structure consisting
of a variable Nterminal domain, a central nucleotiignding site (NBS), and -@&rminal leucine

rich repeats (LRRYMeyers et al., 2003)The NBS domain funains as a molecular switch that
undergoes conformational changes upon pathogen recognition, while the LRR domain is primarily
responsible for pathogen effector detection and specificity determin@fiarone et al., 2013;
Nguyen et al., 2021)The classial genefor-gene model, first proposed Bjor (1971) describes

the interaction between plant resistance genes and pathogen avirulence genes. In this system, NBS
LRR proteins function as intracellular immune receptors that directly or indirectly reeogni
pathogerderived effector proteingJones & Dangl, 2006)Upon recognition, these receptors
trigger effectostriggered immunity (ETI), which typically results in a rapid hypersensitive
response characterized by localized programmed cell deathafigtigoin site, potentially limiting
pathogen spread during the biotrophic pi{@s®lds & Rathjen, 2010%imilarly, the identification

of a single NBS_RR disease resistance gene (Solyc02g070750.1) located near the significant SNP
on chromosome 2 suppsrthe involvement of classical-gnemediated resistance pathways.
This spatial association supports the hypothesis that natural variation i.RIB§ene content,
structure, or expression levels underlies observed resistance differences betweengssioinacc
(Bakker et al., 2006; DeYoung & Innes, 2006; Jupe et al., 2012; Marone et al., P04 3pecific
identification of Solyc02g070750.1 on chromosome 2 as a candidate resistance gene suggests that
this locus harbors functional variation affectingese susceptibility. In tomats.(lycopersicuim
chromosome 2 has been previously associated with resistance to multiple pathogens, and several
characterized Ryenes have been mapped to this chromosomal rdgoolad et al., 2008)
Similarly, de Vries and his team in 2018 found that the NBSR gene located on chromosome 2
(Solyc02g036270) was responsivePioytophthora infestanstresgDe Vries et al., 2018)

Several candidate genes involved in protein degradation pathways highlight the impoftance
posttranslational regulation in septoria leaf spot resistance. Notably, E3 ubigtotein ligase
RMA1H1, located near the majeffect SNP Chr07_65548912 on chromosome 7, and Cullinl,
identified as an intragenic variant at Chr06_2623853 on chram®$) underscore the critical

role of the ubiquitinproteasome system (UPS) in plant disease resistance mechanisms. The
ubiquitin-proteasome system has emerged as a central regulatory hub in plant immunity,
orchestrating rapid and precise modulation ofedsé responses through selective protein
degradatior{Vierstra, 2009; Trujillo & Shirasu, 2010)

The proximity of RMA1H1 to our most significant resistarassociated SNP (R?2 = 15.46%)
suggests this E3 ubiquitin ligase may play a direct role in sejafiapot resistance. E3 ubiquitin
ligases function as specificity determinants in the ubiquitination process, targeting specific
substrate proteins for degradation by the 26S protea&®adanandom et al., 201%) the context
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of plant immunity, theseenzymes often target negative regulators of defense signaling for
degradation, thereby amplifying immune responses upon pathogen recotatanet al., 2003;
Marino et al., 2012)The genetic variation associated with RMA1H1 may therefore influeece th
efficiency or specificity of this degradation process, contributing to quantitative differences in
disease resistance.

Similarly, the identification of Cullinl as an intragenic variant on chromosome 6 provides
additional evidence for UPS involvement gp$oria leaf spot resistance. Cullinl serves as a core
scaffold component of SCF (Skq€ullin-F-box) E3 ubiquitin ligase complexes, which have been
extensively implicated in plant defense regulatibfua & Vierstra, 2011) SCF complexes
regulate the degdation of various immune modulators, including components of hormone
signaling pathways that intersect with disease resistance resg@isasy et al.,, 2011)The
intragenic nature of this variant suggests that sequence variation within the Cullintsgéneay

affect protein function or expression levels, potentially altering the assembly or activity of SCF
complexes involved in defense regulation.

The ubiquitinproteasome system represents a major interface ingddéimbgen interactions, with
manypathogen effectors specifically targeting UPS components to subvert host imarityo

et al., 2012; Dudler, 2013Pathogens employ diverse strategies to manipulate the UPS, either by
promoting degradation of defense proteins or by stabilizing negaéigulators of immune
responses. For example, bacterial effectors such as AvrPtoB contain E3 ubiquitin ligase activity
and target plant immune receptors for degraddflanjusevic et al., 2008)hile fungal pathogens
deploy effectors that interfereitiv host ubiquitination processes to suppress defense responses
(Dou & Zhou, 2012)

The colocalization of both RMA1H1 and Cullinl with significant resistaiassociated SNPs
suggests tha® lycopersicresistance may involve coordinated regulation thhomultiple UPS
components. This finding aligns with emerging evidence that durable, quantitative resistance often
involves finetuning of multiple regulatory pathways rather than single gene eff€otsvin &
Kliebenstein, 2017)The involvement of thesUPS components may contribute to the quantitative
nature of septoria leaf spot resistance by providing multilayeredtqaostiational regulation,
allowing plants to mount appropriately scaled and sustained defense responses against this
hemibiotrophic pthogen.

Similarly, the identification of callose synthase 12 near a significant SNP on chromosome 7
provides crucial mechanistic insight into the structural defense responses underlying septoria leaf
spot resistance. Callose deposition represents a fuardahplant defense mechanism that protects
plants from pathogen attack by forming protective barriers at infection(kéeke et al., 2016;
Oblessucetal.,2020) Thi s defense response invol-®2s the
glucan polyners (callose) between the plasma membrane and cell wall at sites of attempted
pathogen penetratiqi€hen & Kim, 2009; Ellinger & Voigt, 2014)

Callose is deposited between the plasma membrane and the cell wall at the site of pathogen attack,
at the plamodesmata, and on other plant tissues to slow pathogen invasion and(lspséacet

al.,, 2016) The formation of callosenriched papillae serves multiple defensive functions:
physically reinforcing cell walls against penetration attempts, sequestantighicrobial
compounds at infection sites, and creating diffusion barriers that limit pathogen moy€oigtt

2014; Wang et al., 2021The pathogeinduced (1,3%-glucan cell wall polymer callose, which

is deposited at sites of attempted penetnatilirectly prevents initial penetration of the plant cell

wall (Eggert et al., 2014)
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The role of callose synthase 12 in Septoria leaf spot resistance is projected to be relevant given the
hemibiotrophic lifestyle o6. lycopersiciWhile this pathogeprimarily enters host tissue through
natural openings such as stomata rather than direct cell wall pene{Reaiotey et al., 2024)
callose deposition still plays crucial defensive roles during infection establishment and spread.
OnceS. lycopersiceners through stomatal openings, it must colonize intercellular spaces and
potentially breach cell walls during the transition from biotrophic to necrotrophic phases.
Enhanced callose deposition can serve multiple defensive functions during this process:
reinforcing cell walls against subsequent pathogen invasion, restricting pathogen movement
through intercellular spaces by modifying plasmodesmatal permeability, and creating localized
zones of enhanced defense compound accumulation.

Recent advances have ealed the complex regulation of pathogeduced callose synthesis,
involving multiple signaling pathways and regulatory netwddesobs et al., 2003; Luna et al.,
2011) The molecular mechanisms that modulate pathagduced callose deposition are
increasingly understooVang et al., 2021 )with evidence showing that callose synthase activity

can be rapidly upregulated in response to pathagsenciated molecular patterns (PAMPSs) and
damageassociated molecular patterns (DAMPS). In the context nfdl infections, callose
deposition has been shown to be particularly effective against penettapiendent pathogens,

which must breach the plant cell wall to establish infedf@mowdhury et al., 2014)

The identification of callose synthase 12 asaadidate gene for septoria leaf spot resistance
supports the concept of breagectrum, quantitative resistance mechanisms. Callose deposition is

a common plant defense response to intruding pathogens and part of the plant's innate immunity
(Yu et al., D16), and enhanced callose synthesis has been associated with resistance to multiple
fungal pathogens across diverse plant species. For example, studies in grapevine have
demonstrated that callose synthase genes are involved in defense responseaggimsiidew

(Yu et al., 2016)while in barley, callose synthase activity correlates with resistance to Fusarium
head blight{Bollina et al., 201Q)

Interestingly, the relationship between callose and disease resistance can be complex, as
demonstratetdy studies showing that loss of certain callose synthases can paradoxically enhance
resistance through alternative defense path\idighimura et al., 2003However, in the context

of quantitative resistance to hemibiotrophic pathogens 3kdycoperiei, enhanced callose
deposition likely contributes to a multilayered defense strategy that includes both structural
barriers and induced chemical defenses.

The colocalization of callose synthase 12 with our magffect QTL on chromosome 7 suggests

that genetic variation affecting callose synthesis efficiency, timing, or spatial distribution could
contribute significantly to the observed phenotypic differences in septoria leaf spot resistance. This
finding emphasizes the importance of structural defensehamisms in quantitative disease
resistance and provides a potential target for maaksisted breeding progranamd gene
expression editingimed at improving septoria leaf spot resistance in tomato.

The substantial genetic diversity captured in aurgd, as evidenced by the identification of 29,859
high-quality SNPs with balanced chromosomal distribution, provided sufficient resolution for
fine-mapping resistance loci. The genomiele average linkage disequilibrium decay pattern
supported the feasilly of association mapping, with local LD extending sufficiently to capture
causal variants while providing adequate resolution for gene identification.

Thus, the SNPs and candidate genes identified in this study provide immediate resources for
markerasssted selection in tomato breeding programs. The strong correlation between SNP
presence and resistance phenotypes in validation accessions supports their utility as diagnostic
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markers. The development of higiroughput SNP assays based on these marlark\v@nable
efficient screening of breeding populations and accelerate the introgression of resistance alleles
into commercial varieties.

The polygenic nature of SLS resistance suggests that genomic selection approaches, which
consider all markers simultaneously, may be more effective than traditional raasksed
selection targeting individual QTL. However, several limitations of thiglystshould be
acknowledged. First, the phenotypic evaluation was conducted using aSepteia lycopersici

isolate from North Carolina, which may not represent the full pathogenic diversity of the species.
Future studies should incorporate multipldases from diverse geographic regions representing

the known diversity of the pathogen to validate the bigettrum nature of identified resistance

loci and assess potential isols@ecific interactions.

Second, while our candidate gene analysis idedtiinechanistically relevant genes, functional
validation through reverse genetics approaches is necessary to confirm their roles in SLS
resistance. Gene expression analysis under pathogen challenge, complementation studies, and
gene editing approaches wayrovide definitive evidence for candidate gene function.

The environmental specificity of SLS resistance also requires further investigation, as field
conditions, temperature, humidity, and plant developmental stage can significantly influence
disease e@velopment and resistance expression. Marltiironment trials would help assess the
stability of identified QTL across diverse production conditions and identify potential genotype
by-environment interactions.

Conclusions

This GWAS provides the firstomprehensive genetic dissection of SLS resistance in tomato,
identifying novel QTL and candidate genes that enhance our understanding of the molecular
mechanisms underlying resistance to this devastating disease. The polygenic architecture revealed
through our analysis explains the quantitative nature of SLS resistance and the challenges faced in
developing highly resistant varieties through conventional breeding approaches. The identification
of mechanistically relevant candidate genes, including -hidPacting proteins, NB&RR
resistance genes, components of protein degradation pathways, and genes associated with callose
deposition, provides valuable insights into the molecular basis of necrotrophic pathogen resistance.
These findings contribute to thoader understanding of plapathogen interactions and may

have applications beyond Septoria resistance.

The molecular markers developed from this study represent valuable tools for tomato breeding
programs worldwide, offering the potential to reducersle on chemical control measures while
improving yield stability and sustainability. The successful implementation of rraskested
selection using these SNPs could significantly accelerate the development -oés&it&nt
varieties and contribute the longterm sustainability of global tomato production systems. Future
research building upon these findings should focus on functional validation of candidate genes,
assessment of resistance durability under field conditions, and integration of resadiiglas into

elite breeding lines through genomic selection approaches. The continued development and
refinement of genetic resources for SLS resistance will be essential for addressing the increasing
disease pressure associated with climate changevahiing pathogen populations.
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Abstract:

Septoria lycopersigia hemibiotrophic fungal pathogen, is the causal agent of Septoria leaf spot
(SLS) in tomato $olanum lycopersicum Despite its economic significance, the molecular
mechanisms underlying host responsesStolycopersiciremain largely uncharacterized. To
investigate the transcriptional programs activated during resistant and susceptible interactions, we
conducted a comparative transcriptome analysis using the PI126443 (res&iartum
corneliomuller) and P1647196 (susceptibl8, lycopersicuingenotypesThe objectives of this

study were to: (1) investigate the transcriptomic responses of resistant and susceptible tomato
genotypes following. lycopersicinfection; (2) identify differentially expressed genes (DEGS)
associated with resistance to SLS; (3¢aver the key biological pathways and molecular networks
involved in host resistance; and (4) identify candidate resistance genes with potential for future
functional validation and utilization in tomato breeding prograRige-weekold plants were
inoculated using the local isolate 8f lycopersiciat a concentration of 1x1@pores/mL and
distilled water as a mock inoculation. Leaf tissues were collected at 0, 24, 48, 72, and 96 hours
postinoculation (hpi) following inoculation to monitor the dynangene expression pattern
during disease progression. Experiment analysis revealed a total of 3051 and 2221 differentially
expressed genes, including 2166 and 1308egplated, and 885 and 918 dovagulated genes

in resistant and susceptible genotypegeesvely. A coordinated defense mechanism in resistant
tomato plants involves early activation of pathogernedmed (PRLl) proteins (e.g.,
Solyc09G000093), calcium signaling components (Solyc05G002175, Solyc06G002187) for
signal transduction, and tramgptional regulators (Solyc02G001492) controlling deferedated

genes. Additional responses includedragulation of metabolic enzymes (Solyc12G000504,
Solyc03G001548) associated with secondary metabolite and cuticle biosynthesis, oxidative stress
tolerance genes (Solyc11G000889), defense regulation through protein turnover
(Solyc06G000781), and stremsssponsive protein kinases (Solyc05G002766). Together, these
temporally and functionally diverse genes are hypothesized to contribute to a robust immune
framework in the resistant genotype. Their involvement in key pathways, such apatlaogen
interaction, MAPK signaling, plant hormone signal transduction, and phenylpropanoid
biosynthesis, provides critical insights to validate gene function and fixerassisted selection

and genetic engineering strategies aimed at enhancing tomato resistance to Septoria leaf spot.

Keywords:Tomato, Septoria leaf spot, Transcriptomics, Tomato Resistance

Introduction

RNA sequencing (RNAseq) has revolutionized our understanding of ptathogen interactions

by providing unprecedented insights into the molecular mechanisms underlying disease resistance
(Lantican et al., 2023)This highthroughput transcriptomic apgach enables comprehensive
profiling of gene expression changes during pathogen infection, revealing the complex regulatory
networks that govern plant defence resporiBes/ et al., 2023)In crop species, RNAeq has
emerged as a powerful tool for idéying candidate resistance genes, elucidating defence
pathways, and understanding the temporal dynamics eplatisbgen interactions at the molecular
level (Lantican et al., 2023; Li et al., 2024)

Tomato Solanum lycopersicumas one of the most eaamically important vegetable crops
worldwide, has been extensively studied using R3¢4 approaches to dissect disease resistance
mechanismgCampos et al., 2021The availability of a higiguality reference genome, coupled
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with extensive genetic andg@mic resources, has positioned tomato as an ideal model system for
transcriptomic studies of plapathogen interactior(&rcolano et al., 2012; Su et al., 202RNA-

seq analyses in tomato have successfully identified resistance genes and mddiencpathways

for various pathogens, including bacterial, viral, and fungal dis¢Bselsnanabhan et al., 2019;

Shi & Panthee, 2020; Peng et al., 202Z)ese studies have not only advanced our fundamental
understanding of plant immunity but have also pied valuable molecular markers and candidate
genes for resistance breeding progréiartin et al., 2013; Yang et al., 2025)

The application of RNAseq technology to tomato disease resistance research offers several
distinct advantages over traditionapproaches mainly in the depth, breadth, sensitivity, and
discovery power for relevant genes, pathways, and molecular m@&#&ergos et al., 2021,
Pereyra bistra2n et.Umdérthe maptyoflexperitmerngahdesggins, RNA . , 2 (
seq relably permits the discovery of novel defensive transcripts and known resistance genes,
particularly when sampling is extensive and analysis are suitably customized. Although very low
expression, very tissugpecific, or extremely rare transcripts may @ithde identification, it is
currently the most effective method for broad profiing when compared to conventional
approache¢ Du et al ., 2015; Shi & Panthee, 2020; C
2021) The technology captures the dynamature of planpathogen interactions by revealing
temporal changes in gene expression during infection procgasedo et al., 20145imilarly,

by profiling gene expression in each genetic background and identifying which genes and
pathways are actiad in response to pathogen attack, R&& can help compare defense
responses between resistant and susceptible gen(Bgmzset al., 2022 addition to identifying

genes with differential expression, this comparative transcriptome analysis thielarification

of several resistance mechanisms, including immune receptor activation, cell wall alterations,
hormone signaling, and secondary metabolite gener@iampos et al., 2021 herefore, the
method offers a thorough summary of each ggredsyresponse to infection as well as the
molecular mechanisms that underlie resistance. Finally,-B&tpdata can be integrated with other
omics approaches, such as genomics and metabolomics, to provide a-$sgtbonsderstanding

of plant defence respses(Roychowdhury et al., 2023)

Despite extensive research on various tomato diseases, the molecular mechanisms underlying
resistance to Septoria leaf spot (SLS), cause8dpgoria lycopersigiremain largely unexplored

at the transcriptomic level. SLrepresents one of the most destructive foliar diseases of tomato
worldwide, causing significant yield losses through premature defoliation and reduced
photosynthetic capacitfLincoln & Cummins, 1949; Ferrandino & Elmer, 1992; Panthee et al.,
2024) The disease poses particular challenges in humid growing regions, where environmental
conditions favor pathogen development and disease progrgtsmmoln & Cummins, 1949;
Douglas, 2008)Current management strategies rely heavily on chemical fungibidésghting

the urgent need for sustainable resistance breeding apprdBehneegy et al., 2024)

The limited availability of effective resistance sources for SLS in cultivated tomato germplasm
has necessitated the exploration of wild tomato relativegh often harbor valuable resistance
alleles that have been lost during domestication and modern breedingSulaldumspecies
represent a rich reservoir of genetic diversity for disease resistance, contairiraivaal defence
mechanisms against vaus pathogeng@.incoln & Cummins, 1949; Barksdale & Stoner, 1978;
Rodeva et al., 2009However, the molecular basis of SLS resistance in these wild relatives
remains poorly understood, which limits their effective utilization in breeding progRamnslg

et al., 2024; Panthee et al., 2024)
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When there is enough genetic similarity between species, particularly among closely related plants,
RNA-seq comparative comparisons between species are significant. Such investigations are robust
and very helpful iplant immunity research because they focus on functionally annotated defense
responses, identify conserved orthologs and pathways, and use reference gsoemgst al.,

2013; Li et al., 2023)Such comparative analyses can reveal the specific geatdsyays, and
regulatory networks that confer resistance, providing insights into both basal defense responses
and pathogespecific resistance mechanis(@awahara et al., 2012; Luo et al., 2021; Geng et al.,
2022) Furthermore, RNAseq can identify # temporal dynamics of defence gene activation,
revealing the sequence of molecular events that lead to successful pathogen recognition and
defence mobilizatiofkKwenda et al., 2016; Thomas et al., 2020)

To date, there has been no comprehensive transcriptomic analysis to investigate the molecular
basis of resistance to Septoria leaf spot in tomEtes represents a significant knowledge gap,
given the economic importance of the disease and the urgentforesdstainable resistance
breeding strategies. The identification of SLS resistance genes and defence pathways through
RNA-seq analysis would provide valuable molecular tools for maagsisted selection (MAS).

This, in turn, would facilitate the develment of resistant cultivars and enhance our fundamental
understanding of the interactions between tomatoesSapdoria In this study, we employed
RNA-seq technology to conduct the first comprehensive transcriptomic analysis of Septoria leaf
spot resistare in tomato. We selected two contrasting genotypes for comparative analysis:
P1126443 Solanum corneliomulleyj a wild relative exhibiting strong resistance to SLS, and
P1647196 §. lycopersicuin a cultivated line showing high susceptibility to the pgtm. This

genetic contrast provides a system to identify candidate resistasgeiated genes and pathways
through differential expression analysis.

In tomatoes, resistance & lycopersicihas been identified in wildolanum specieswith S
peruvianum, S. hirsutum, S. habrohaiteandS. corneliomulleriserving as valuable sources of
resistance gendsincoln & Cummins, 1949)The wild species. corneliomullerirepresents a
valuable genetic resource that hasesolved with various pathogens in itmtive habitat,
potentially harboring unique resistance mechanisms that are absent in cultivated tomato. By
comparing the transcriptomic responses of this resistant wild species with those of a susceptible
cultivated line, we aim to identify the molecutieterminants of SLS resistance and elucidate the
defence strategies employed by resistant genotypes.

We hypothesized that there is a substantial difference in gene expression between susceptible and
resistant genotypes, with the resistant line showingeased activation of genes and pathways
linked to defense in the early phases of infection. The genotypes chosen here refleet a well
established contrast in susceptibility versus resistance to SLS, and thus offer the most appropriate
foundation for compatave transcriptomic analysis, even though it is acknowledgedsiblanum
speciesexhibit significant natural diversity in their respong@amburino et al., 2020)Our
objectives were to: (1) characterize the transcriptomic responses of resistantsegytilsie

tomato genotypes 8. lycopersicinfection, (2) identify differentially expressed genes potentially
associated with SLS resistance, (3) elucidate the biological pathways and molecular networks
underlying resistance responses, and (4) discamidate resistance genes for future functional
validation and breeding applications. The results of this study will provide the first comprehensive
molecular insights into SLS resistance in tomato, establishing a foundation for developing
molecular breedig strategies and advancing our understanding of-pkthbgen interactions in

this economically important crop species.
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Materials and Methods

Plant Material and Growth Conditions

Two tomato genotypes with contrasting responses to SLS were selectedohasgtensive
seedlingstage screening evaluations (data not shown). The resistant genotype PI5264d3n)
corneliomuller) and the susceptible genotype P1647198ycopersicuiwere obtained from the
USDA-ARS Plant Genetic Resources Unit. Seeds wserdacesterilized with 1% sodium
hypochlorite solution for 10 minutes, rinsed thoroughly with sterile distilled water, and germinated
on commercial potting mix (SUN GROSUNSHINE #1 F1ARS1 (LC1)- 2.8 CU. FT. 369001,
Wyatt-Quarles Seed Company P. OxBt89 Garner, NC 27529 ) at 25°C.

Seedlings were initially grown in 7&ll trays containing commercial potting mix and grown in a
controlled environment greenhouse maintained at 25+2°C. After three weeks, seedlings were
transplanted into-4hch pots filled with the same potting medium and allowed to establish for an
additional two weeks before pathogen inoculation. Plants were watered daily and fertilized weekly
with a balanced liquid fertilizer (200-20 NPK).

Pathogen Isolation and Maintenance

Septorialycopersiciisolate SLSMR-2024 was collected from naturally infected tomato plants in

fields in Mills River, North Carolina, during the 2024 growing season. The pathogen was isolated

from symptomatic leaf tissue following standard mycological proced&mstly, leaf lesions

were surfacesterilized with 70% ethanol, cut into small pieces, and plated onto modified 5x
clarified V8 agar medium. The clarified V8 medium was prepared by adding 5 g of calcium
carbonate (CaCO ) t o 3i#ifgcontinuoasly fo28 miaueeg, and thénl e |
filtering the mixture through four layers of sterile muslin cloth. The final medium consisted of 200

mL clarified V8 juice, 800 mL distilled water, and 12 g aggar per litre, autoclaved at 121°C

for 15 minute. Pure cultures of singlpore isolates were maintained on V8 agar plates at 22°C

under a 1zhour light:dark cycle, using coeVhite fluorescent lightsWorking cultures were
maintained by periodic feni t i ati on from sampl esentitytwasr ed at
confirmed through morphological characterization and molecular identification using ITS
sequencingFor longterm storage, spore suspensions were prepared in 30% glycerol and stored
at-80°C.

Inoculum Preparation and Plant Inoculation

Fresh inculum was prepared fromI0-day-old cultures grown on V8 agar medium. Spores were
harvested by flooding culture plates with sterile distilled water containing 0.02% Tween 20
(Polyoxyethylene Sorbitan Monolaurate, Research Products International Corpt, Riospect,

IL). The spore suspension was filtered through sterile cheesecloth to remove mycelial debris and
adjusted to a concentration of 1110 spores m

Five-weekold plants were inoculated with SLS spore suspensions at domcent i ons at
spores/mL by foliar spray application using a handheld sprayer until leaf surfaces were uniformly
wetted. Mockinoculated control plants were treated with sterile distilled water containing 0.02%
Tween 20. Following inoculation, plants werevered with transparent plastic sheets to maintain
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high humidity (>95% relative humidity) and incubated at 25°C under controlled conditions. Plastic
sheets were removed 48 hours gastulation.

Experimental Design and Tissue Sampling

The experiment wagonducted using a completely randomized design with two biological
replicates for each genotypeatmenttime point combination. Each biological replicate consisted
of five individual plants used for tissue sampling.

Leaf tissue samples were collecte@ §reinoculation), 24, 48, 72, and 96 hours piostculation

(hpi) from both pathogen inoculated and mock inoculated plants (Figure 1). For each sampling
time point, the youngest fully expanded leaf was harvested from three individual plants per
biological replicate. Tissue samples were immediately ffesren in liquid nitrogen and stored
at-80°C until RNA extraction.
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Experimental setup
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Figure3.1 Schematioverview of the experimental design and Ris&q workflow for
transcriptomic analysis of resistant and susceptible tomato genotypes upon pathogen inoculation.
The experiment includes three major comparisons: (1) fmaxdulated vs. pathogenoculated
plants in the resistant genotype, (2) maoculated vs. pathogeanoculated plants in the
susceptible genotype, and (3) pathogetulated resistant vs. pathog@oculated susceptible
plants. Leaf samples were collected at O-{poeulation), 24, 48, 72, and 96 hours post
inoculation (hpi), followed by RNA extractin, library preparation, quality control, and high
throughput sequencing. Downstream bioinformatics analysis involved gene expression
guantification, identification of differentially expressed genes (DEGSs), and functional gene
enrichment analysis to und@sed host responses to pathogen infection. Figure created using
BioRender.com.

RNA Extraction and Quality Assessment

Total RNA was extracted from frozen leaf tissue using the RNeasy Plant Mini Kit (Qiagen,
Germantown, MD) following the manufacturer'protocol with minor modifications.
Approximately 100 mg of ground tissue was used for each extraction. To eliminate genomic DNA
contamination, RNA samples were treated with TURBOBNA ee E Kit (Il nvitrog:¢
CA) according to the manufacturer's mstions and eluted in RNasee water.
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RNA concentration and purity were assessed using a NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific, Waltham, MA). RNA integrity was evaluated by agarose gel electrophoresis and
was further confirmed usingn Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara,
CA). Only highquality RNA samples with A260/A280 ratios between2.83, A260/A230 ratios
>1.8, and RNA Integrity Number (RIN) values

For eachtimepoint and treatment combination, equal amounts of RNA (400 ng) from two
biological replicates were pooled to generate composite samples with final concentrations of 100
ng L T. This pooling strategy was iptammg oyed
sufficient statistical power for differential expression analysis.

Library Preparation and RNA Sequencing

RNA library preparation and sequencing were performed by Novogene Corporation (Beijing,
China) using standard protocols. Briefly, mMRNA wasifed from total RNA using oligo(dT)
magnetic beads and fragmented using divalent cations under elevated temperattsearmdrst
cDNA synthesis was performed using random hexamer primers and reverse transcriptase, followed
by seconestrand cDNA synthes using DNA polymerase | and RNase H. The seeirahd

cDNA was synthesized using dUTP instead of dTTP to preserve strand orientation information.

Doublestranded cDNA was engkpaired, Atailed, and ligated with indexed adapters. Size
selection was pesfmed using AMPure XP beads (Beckman Coulter, Beverly, CA, USA) to obtain
cDNA fragments of 15@00 bp. Libraries were amplified by PCR using Phusion Hfiglelity

DNA polymerase and purified using AMPure XP beads (Fig2e

Library quality was assessading an Agilent 2100 Bioanalyzgkgilent Technologies, CA, USA)

and quantified by gPCR using the KAPA Library Quantification Kit. Libraries were normalized

to equimolar concentrations, pooled, and sequenced on an Illlumina NovaSeq X Plus platform using
150 bp paireeend chemistry. A minimum of 20 million read pairs per sample was targeted to
ensure adequate coverage for differential gene expression analysis gRgure

1
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Figure3.2 Workflow of DirectionalLibrary Construction and RN&Aeq Data Analysis. The left
panel illustrates the directional RNgeq library construction process and the right panel outlines
the bioinformatics pipeline: raw data undergo quality control (QC), including error rate and GC
cortent distribution assessments and data filtering. Reads are mapped to the reference genome,
guantified for gene expression, and analysed for differential expression. Downstream analyses
include functional enrichment (GO and KEGG), gene set enrichmensa@SEA), correlation
analysis, and proteiprotein interaction network construction.

Read Processing and Quality Control

Raw sequencing reads were subjected to quality control analysis using FastQQAfQdr2\9s,

2010) and processed using fastp v0.Z8Ren et al., 2018)o remove lowqguality reads and

adapter sequences. Specifically, reads containing adapter sequences, reads with >10% ambiguous
nucleotides (N), and reads with >50% bases having Phred quality scOregre2removed. Clean

reads were assessed for quality metrics including Q20 and Q30 scores, GC content distribution,
and sequence duplication levels (Fig8r&).

Remove reads
Qscore of over 50%
bases below 5.

Remove reads Remove reads

Raw Reads L .
containing adaptors containing N > 10%

Figure3.3 Workflow of Sequencing data fdting.

Read Mapping and Quantification

High-quality clean reads were aligned to the tomato reference genome (SL5.0, Sol Genomics
Network; https://phytozomaext.jgi.doe.gov/info/Slycopersicum_ITAG5) using HISAT2 v2.2.1
(Kim et al., 2019)with default paameters optimized for paireshd reads. Mapping statistics,
including overall alignment rate, uniquely mapped reads, and-mafiped reads, were calculated

for each sample.
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Gene expression gquantification was performed using featureCounts ((220.@t 4., 2014)with

the SL5.0 gene annotation file (ITAG5.0). Read counts were generated at the gene level, and
fragments per kilobase of transcript per million mapped reads (FPKM) values were calculated to
normalize for differences in gene length and sequgrepth between samples.

Novel Transcript Prediction

Novel transcript discovery and assembly were performed using StringTie YRettBa et al.,
2015)following a referencdvased approach. The mapped reads from each sample were assembled
using Strindie's novel network flow algorithm combined with an optional de novo assembly step.
This approach enabled the assembly and quantification efefigth transcripts representing
multiple splice variants for each gene locus. StringTie was run with defaalhpters, and novel
transcripts were identified by comparing assembled transcripts with the reference annotation. Only
novel transcripts with sufficient expression support (minimum coverage of 2.5 and minimum
FPKM of 1.0) were retained for downstream gs&.

Differential Gene Expression Analysis

Differential gene expression analysis was conducted using the edgeR package(R&Birigon

etal., 2010)n R v4.3.0. Raw read counts were filtered to remove genes with low expression levels
(counts per milbn <1 in at least two samples). Normalization factors were calculated using the
trimmed mean of Mralues (TMM) method to account for differences in library sizes and RNA
composition between samples.

Dispersion parameters were estimated using theR&astadjusted profile likelihood method, and
differential expression testing was performed using exact tests for negative binomial distributions.
Multiple testing correction was applied using the Benjashiochberg false discovery rate (FDR)
method.

Genes werc onsi dered differentially expressed if
change) | O 2 and FDR < 0.05. Pairwise -compar
inoculated vs. mocknoculated samples within each genotype and timepoint, (2) msista
susceptible genotypes within each treatment and timepoint, and (3) different timepoints within
each genotypé&reatment combination

Functional Annotation and Enrichment Analysis

Gene Ontology (GO) enrichment analysis was performed using the clusterProfiler package v4.8.1
in R, with gene length bias correction applied. GO terms were considered significantly enriched at
FDR < 0.059Xu et al., 2024)Enriched terms were categorizatb biological processes, molecular
functions, and cellular components.

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis was conducted
using the same statistical framewdKanehisa & Goto, 2000Directed acyclic graph (DAG)
scatter plots and histogram were used to visualize the result.
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Gene Set Enrichment Analysis (GSEA)

Gene Set Enrichment Analysis was performed using GSEA software y8ubhfamanian et al.,

2005)to identify coordinated changes in predefined geneGetsn e s wer e ranked by
change) values, and enrichment of GO terms and KEGG pathways was assessed using the
weighted Kolmogorov&mirnov test. Normalized enrichment scores (NES) and FBRRIugs

were calculated, with gene sets considered fsogimtly enriched at FDR < 0.25 and p < 0.05.

Statistical Analysis

All statistical analyses were performed in NovoMagic (Novomagic, by Novogene) and R v4.3.0
(R Core Team, 2022jsing specific packages. Principal component analysis (PCA) was conducted
to assess sample relationships and identify potential batch effects. Statistical significance was set
at p < 0.05 for all analyses unless otherwise specified.

Results

Symptom Development in Two Genotypes
Distinct resistance paenetygypesesméngédowbegweanc

(Sol anum coynekhomut edrhi gher resistance, show
bl ack dots weviemmocl4 atdtaga posbss all tested s|
Pl 647S1.9 6l y(crop edresmonwst r at ed cl ear susceptd bil it
7 days after 34n)o.c uTlhaitsi odni f(fFeirgeunrtei al response ¢
phenotypes between the wild species and the ¢
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**

Resistant Susceptible

108
P1126443 (S. corneliomulleri) P1647196 (S. lycopersicum)

Genotype

Figure 3.4 Phenotypic comparison and disease severity assessment between resistant and
susceptible tomato genotypes followiSgptoria lycopersidnoculation. (A) Representative leaf
images of resistant (left panel) and susceptible (middle panel) tomato genotypes at 7 days post
inoculation withS. lycopersiciThe resistant genotype shows minimal or no visible lesions, while

the susceptible genotgaisplays typical necrotic lesions characteristic of Septoria leaf spot. (B)
Area Under the Disease Progress Curve (AUDPC) values calculated for each genotype
demonstrate significantly higher disease severity (**: P=.00??7?) in the susceptible genotype
conmpared to the resistant genotype. Data are presented as mean + standard error (n = 5), with
statistical significance indicated by p < 0.05.

Sequencing Statistics Summary

Raw sequencing data yielded an average of 47.2 million reads per sample (rang#.140.2
million), generating approximately 7.1 GB of raw sequence data per sample (rang&55.8&B)

(Table 1). Following quality control and adapter trimming, clean reads averaged 45.4 million per
sample (range: 38:25.4 million), corresponding to 6.8 GB bigh-quality sequence data per
sample (range: 5.78.31 GB). An average of 3.8% of raw reads were eliminated throughout the
data filtering procedure, suggesting that all libraries had high starting sequence quality.

All samples had consistently higiequencing quality scores. All samples had a consistent low
error rate of 0.01%, indicating great sequencing accuracy. Q20 values (99% base call accuracy)
averaged 99.32% (range: 99:99.37%) and Q30 values (99.9% base call accuracy) averaged
96.99% (rang: 96.5097.13%), indicating strong quality scores (Table 1). According to these
measurements, the quality ratings of more than 99 percent of bases were higher than those required
for reliable downstream analysis.

GC content was consistent across samplestaging 43.4% (range: 41-46.25%), which falls
within the expected range for plant transcriptomic data and indicates minimal bias in library
preparation or sequencirf@onesa et al., 201L6The narrow range of GC content values across
samples suggesuniform library quality and absence of contamination. Overall, the sequencing
statistics demonstrate the generation of fgghlity data suitable for robust differential gene
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expression analysis, with sufficient read depth and quality metrics meeexge®ding standard
requirements for RNAeq studies.

Table3.1 Data of sequencing quality. (NO statistics here)

sampldlibrary raw readdraw basefclean readiclean basderror rate|Q20 [Q30 |GC pct
CRAS250050797

PIR_O(1r 53081274(7.96G 51765686 |[7.76G 0.01 99.3497.0443.61
CRAS250050794

PIS O |1r 46062896|6.91G 144609204 [6.69G 0.01 99.3997.0644.26
CRAS2500507%4 J

MR_O [1r 47481982|7.12G  |45729874 [6.86G 0.01 99.3196.9243.76
CRAS250050794

MS_0 [1r 51578428(7.74G 51515188 |7.73G 0.01 99.1J96.5 43.73
CRAS25005079¢

PIR_1(1r 49994766|7.5G 48873430 [7.33G 0.01 99.3497.0343.69
CRAS25005079

PIS 1|1r 45308246(6.8G 42685798 [6.4G 0.01 99.3 [96.9345.25
CRAS25005079¢

MR_1 (1r 40280416(6.04G 38776298 [5.82G 0.01 99.3496.9943.49
CRAS250050794

MS 1 (1r 46164106(6.92G 144749692 [6.71G 0.01 99.3797.1343.82
CRAS25005080¢ J

PIR_2|1r 39185524(5.88G 38176818 |5.73G 0.01 99.3197.0343.6
CRAS250050804

PIS 2 |(1r 53509804(8.03G 51497838 [7.72G 0.01 99.3397.0143.38
CRAS250050807

MR_2 [1r 4627470216.94G 44969850 [6.75G 0.01 99.2996.9443.91
CRAS250050804

MS 2 [1r 4490364416.74G 141837878 [6.28G 0.01 99.3797.0343.85
CRAS250050804

PIR_3|1r 49991544(7.5G 48702308 [7.31G 0.01 99.3497.0643.38
CRAS250050804

PIS 3|1r 40161302/6.02G 38759810 [5.81G 0.01 99.3497.0643.81
CRAS25005080¢4

MR_3 [1r 50554432(7.58G 149042880 |7.36G 0.01 99.3J97.0:43.54
CRAS25005080

MS_3 [1r 40725828(6.11G 39259834 |5.89G 0.01 99.3796.9943.44
CRAS25005080¢

PIR_4(1r 45413596(6.81G 144595156 [6.69G 0.01 99.3497.0243.15
CRAS25005080¢4

PIS 4 (1r 51255640(7.69G (48551062 |7.28G 0.01 99.37497.0443.13
CRAS250050814

MR_4 (1r 41934100/6.29G  |40344010 [6.05G 0.01 99.3796.9443.41
CRAS250050814

MS 4 (1r 49393738(7.41G 146666734 (7.0G 0.01 99.3497.0343.38
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Mappingdistribution throughout the genome

RNA-seq libraries generated yielded higiality sequencing data suitable for downstream
transcriptomic analysis. Total read counts ranged from 38.2 million to 51.8 million reads per
sample, with an average of 45.1 milliceads across all samples. Mapping efficiency was
consistently high across all treatment groups and time points, with total mapping rates ranging
from 81.2% to 95.7% (Supplementary Table 1). Moukculated susceptible (MS) samples
consistently demonstred the highest mapping rates (993.7%), while pathogemoculated
resistant (PIR) samples showed slightly lower but still acceptable mapping rate83&P4).

Unigue mapping rates were robust across all samples, ranging from 76.5% to 88.7%, indicating
good sequence quality and minimal contamination. Mulpping reads remained low across all
samples (4.8.1%), suggesting limited repetitive sequence content that could confound gene
expression quantification. Proper pair mapping rates were consistégitl\(64.985.4%), with

MS samples again showing the highest rates, indicating successful-gairestquencing and

library preparation. The balanced distribution of reads between forward and reverse strands (readl
and read2 mapping rates of approxima@8y14% each) confirmed the quality of the paheat
sequencing approach. These sequencing metrics indicate that all samples met quality thresholds
for reliable differential gene expression analysis, with sufficient depth and mapping quality to
support rdust statistical comparisons between treatment groups and time points.

Correlation analysis between biological replicates:

Pearsondés correlation coefficients of DEG val:
of reproducibility amongbiological replications within the treatment, along witbnsistent
technical processing (e.g., RNA extraction, library preparation, sequencing) (Efgure
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Figure 3.5 Sampleto-sample correlation analysis of gene expression profiles in resistant and
susceptible tomato genotypes. (A) Heatmap showing Pearson correlation coefficients among
biological replicates of the resistant genotype across different time pointspostation (Oh,

24h, 48h, 72h, and 96h). (B) Heatmap for the susceptible genotype under the same conditions.
Each cell represents the pairwise correlation coefficient (R?) between two samples, with darker
blue indicating stronger correlation. Hierarchictlstering along the axes groups samples by
similarity, confirming high reproducibility among replicates and revealing temporal patterns in
transcriptomic responses $o lycopersicinfection.
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Principal component analysis (PCA) showing sample clusteriddpatch effects:

Principal component analysis (PCA) demonstrated a distinct separation between resistant and
susceptible tomato genotypes. The first two principal components, PC1 and PC2, accounted for
36.03% and 20.32% of the total variance in geneasgon, respectively, collectively explaining
56.35% of the variance (Figuse). The samples from resistant genotypes (PIR and MR) clustered
predominantly on the left side of the plot, whereas the samples from susceptible genotypes (PIS
and MS) groupedrothe right side. This pattern indicates distinct transcriptional and phenotypic
features between the two genotypes. Additionally, the amoméulated samples (MR and MS)
exhibited tighter clustering compared to the patheigenulated samples (PIR and RIS
suggesting that the pathogen treatment induced greater transcriptional variation. Notably, the
pathogernoculated resistant samples (PIR) showed more dispersed clustering across different
time points. This was particularly evident for the PIR_4 samyhéch distinctly separated from

the other resistant samples, potentially indicating a strong temporal response to infection. Overall,
the PCA highlights a clear separation between treatment groups and genotypes, confirming that
the significant sources ofriation correspond to the experimental factors of interest rather than to
technical artifacts.
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Figure3.6 Principal Component Analysis (PCA) plot showing the global gene expression variation
among different treatment groups and time points in resistant and susceptible tomato genotypes.
Each point represents a biological replicate. (A). The first two principalponents (PC1 and

PC2) explain 36.0% and 28.3% of the total variance, respectively. Clear clustering patterns
indicate distinct transcriptional responses to pathogen inoculation and gespégikc
expression profiles over time. (B). The horizontakaepresents each sample, and the vertical
axis represents the fragments per kilobase of transcripts per million mapped reads (FPKMs) values
for different samples. Mock Susceptible (MS), Mock Resistant (MR), Pathogen Inoculated
Resistant (PIR) and Pathagmoculated Susceptible (PIS) at 0, 24, 48, 72 and 96 hpi.
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Differential Expression of Genes (DEGS) in tomato in responSe ligopersici

Differential gene expression analysis was conducted using the edgeR package v4.0.16 in R v4.3.0.
Finally,the DEGs were selected based on the following default crifetiao g ( f ol d change
false discovery rate (FDR) < 0.0bo gain insights into the transcriptional responses, we compared
the pathogen inoculated treatment of each genotype at 88242, and 96 hpi with mock. The
results reveal substantial transcriptional reprogramming in response to pathogen challenge, with
the total number of differentially expressed genes (DEGSs) generally increasing over time in both
resistant and susceptible ng#ypes. Notably, resistant genotypes showed the highest overall
transcriptional activity, with PathogenR_4vsMockR_0 displaying 7,676 total DEGs (4,683
upregulated, 2,993 downregulated) (Figure 3.7), while susceptible genotypes showed somewhat
lower but sill substantial responses, peaking at 6,793 DEGs for PathogenS_4vsMockS 0 (Figure
3.7). Interestingly, both genotypes exhibited more upregulated than downregulated genes at most
time points, suggesting that pathogen response involves primarily transaiatodivation rather

than repression. The pattern indicates that while both resistant and susceptible plants mount
significant transcriptional responses to pathogen challenge, resistant plants may exhibit more
robust and sustained gene expression charmmsntially reflecting more effective defence
mechanisms.

Differential gene number statistics Histogram
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Figure3.7 Histogram depicting the number of differentially expressed genes (DEGS) in
pathogernoculated resistant and susceptible tomato genstgp@, 24, 48, 72, and 96 hours
postinoculation (hpi) withS. lycopersiccompared to their moekoculated control. For each

time point and genotype, the total number of DEGs is shown in blue, upregulated genes in green,
and downregulated genes in red.

Similarly, a comparative analysis of DEGs between pathagmulated resistant and susceptible
genotypes across different time points revealed several notable patterns. At the initial time point
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(O hpi), substantial baseline differences existed betwestwit genotypes, with approximately

7,500 total differentially expressed genes representing the highest count observed across all time
points (Figure 3.8). This initial divergence gradually diminished over time, as evidenced by the
declining number of DEGat subsequent time points (24, 48, 72, and 96 hpi), indicating that the
transcriptional differences between genotypes became less pronounced during the infection
process.

Throughout all time points examined, upregulated genes consistently outnumbereegidated

genes when comparing resistant to susceptible genotypes under pathogen challenge. The temporal
gene expression profiles demonstrated that resistant and susceptible genotypes employ distinct
response strategies to pathogen infection. Resistamis@ahibited a sustained and progressive
increase in gene activation over thettiur , suggesting a prolonged defence response. In contrast,
susceptible genotypes displayed an earlier peak in transcriptional activity followed by a more
variable responggattern. These contrasting kinetics likely reflect fundamentally different defence
mechanisms, with resistant plants mounting a more persistent and coordinated response compared
to the more immediate but potentially less effective response observedeapttlegenotypes.

Differential gene number statistics Histogram

PathogenR_OvsPathogenS_0
7678

PathogenR _1vsPathogenS 1

mdown
mup
PathogenR 2vsPathogenS 2 mall
PathogenR_3vsPathogenS_3
PathogenR_4vsPathogenS_4
0 1000 2000 3000 4000 5000 6000 7000 8000 9000

DEGs gene counts

Figure3.8 Histogram depicting the number of differentially expressed genes (DEGS) in pathogen
inoculated resistant tomato line compared with pathageculated susceptible tomato genotypes

at 0, 24, 48, 72, and 96 hours posiculation (hpi) withSeptoria lycopesici. For each time point

and genotype, the total number of DEGs is shown in blue, upregulated genes in green, and
downregulated genes in red.

The hierarchical clustering analysis indicates that samples are grouped based on their similarities
in gene exprssion patterns. The color coding effectively differentiates between the various
experimental groups, while the heatmap displays thousands of genes (represented as rows) across
all samples (shown as columns). Gene expression values are scale@ figmaen indicating
downregulation) to +4 (red, indicating upregulation), with black representing baseline expression



88

levels (Figure 3.9). The dendrograms from the hierarchical clustering suggest that the samples
cluster mainly by treatment type and genotypéiaiathan solely by time point. This indicates that
pathogen inoculation and host genotype are the key factors driving transcriptional changes. The
heatmap illustrates the intricate transcriptional reprogramming that occurs duringaifaogen
interactiors, revealing distinct blocks of aegulated genes, visible as red and green regions. The
clustering patterns imply that resistant and susceptible genotypes display fundamentally different
transcriptional responses to pathogen challenges, which is cahswmth the quantitative
differences observed in the histogram.

T (0 (T L

group

Figure3.9 Heatmap generated using hierarchical clustering. It shows that samples cluster primarily
by treatment type and genotype rather than just by time point. This indicates that pathogen
inoculation and host genotype are the main drivers of transcriptionatigariGene expression
values are visualized on a scale froéh (green, downregulated) to +4 (red, upregulated), with
black indicating baseline expression levels.
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The clustering analysis clearly distinguishes mtrelated samples (MockRi 4, MockS_04)

from pathogesinoculated samples (PathogenR4pPathogensS i@) (Figure 3.9), indicating that

the majority of differentially expressed genes (DEGs) are genuinely responsive to pathogen
challenge rather than artifacts of wounding or the inoculation procewinen comparing
genotypespecific responses t@&. lycopersiciinfection, resistant plants exhibit distinct,
coordinated transcriptional changes following pathogen inoculation. In particular, many genes are
strongly upregulated (red) in the pathogeratedresistant genotype, reflecting a wetiganized
defence response over time. In contrast, susceptible plants display a different expression profile,
with some genes showing prolonged suppression (green) or delayed induction, suggesting a
compromised or miscected defence strategy.

Baseline differences between genotypes are evident even in the absence of the pathogen, as seen
by comparing mocknoculated resistant and susceptible plants. These constitutive differences
likely reflect preformed resistance facs, altered metabolic states that affect pathogen
compatibility, or a primed immune status in resistant plants that enables faster or stronger
responses upon infection.

Temporal analysis of the host response reveals that the early time point (1 dap@astion) is
characterized by rapid changes in gene expression, specifically in patheafed samples, which

clearly distinguishes them from mock controls and indicates effective pathogen recognition. These
early responses are more pronounced imgkistant genotype. At later time points42iays), the
expression patterns between pathogen and mock treatments remain distinct, with resistant and
susceptible genotypes diverging further, highlighting contrasting disease progression outcomes.

The clearseparation between pathog@oculated and mockeated samples in both genotypes
indicates that both recognize the pathogen but activate distinct transcriptional programs in
response. Resistance is characterized by a robust and coordinated reprogramgéemg
expression, suggesting an active defence mechanism rather than passive exclusion. In contrast, the
susceptible genotype also responds transcriptionally, but with altered timing and composition,
likely contributing to its ineffective defence.

These expression dynamics suggest that resistance and susceptibility are governed by
fundamentally different response pathways, rather than varying intensities of a common response.
The resistant genotype initiates an effective and timely defence program tiéhgesceptible
genotype activates a distinct, yet ultimately unsuccessful, transcriptional trajectory. Notably, both
genotypes exhibit timdependent gene expression changes, but with differing kinetics.
Transcriptional differences between genotypes arst pronounced at early infection stages and
gradually converge over time, highlighting the critical role of early recognition and response in
determining disease outcomes.
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Figure3.10 Volcano plots showing differentially expressed genes (DEGS) identified by-$&§A
analysis under various pathogen inoculation treatments in resistant and susceptible tomato
genotypes. Each plot displays the log2 fold chanegx(g) versus thdogl0 adjsted pvalue (y
axis), highlighting statistical |l yD)Diffegemtialf i c ant
gene expression in resistant tomato plants inoculated with Septoria lycopersici compared to mock
inoculated resistant controls at differeimié points (A: 24 hpi, B: 48 hpi, C: 72 hpi, D: 96 hpi).

(Ei H) Differential gene expression in susceptible tomato plants inoculated with S. lycopersici
compared to mocknoculated susceptible controls across time points (E: 24 hpi, F: 48 hpi, G: 72
hpi, H: 96 hpi). (I L) Comparative differential expression between pathageoulated resistant

versus pathogemoculated susceptible plants at corresponding time points (I: 24 hpi, J: 48 hpi, K:
72 hpi, L: 96 hpi). In each panel, upregulated genes (red), dgwiated genes (green), and nion
significant genes (blue) are shown. These patterns reveal key transcriptional reprogramming
events associated with resistance and susceptibility responses to S. lycopersici infection across
temporal stages.
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Figure 3.10 (continued)
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Figure 3.10 (continued)
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Similarly, volcano plots were employed to visualize differential gene expression patterns across
multiple experimental comparisons and temporal gradients. The analysis encontpassed
primary comparison categories: pathogeoculated resistant versus meickated resistant plants,
pathogernoculated susceptible versus mdodated susceptible plants, and direct comparisons
between pathogeimoculated resistant and susceptiblaggpes. Each comparison was evaluated
across five time points (0, 24, 48, 72, and 96 hoursipostlation). Statistically significant genes
meeting dual criteria of fold change magnitude (Jlog2FC| > 2) and statistical significaradaep
<0.05) were olor-coded, with red indicating upregulated genes and green representing
downregulated genes (Figure 3.10).

The comparison of pathog@moculated resistant versus meitkated resistant plants (Figure 3.10,
Panels AD) revealed distinct temporal dynamiogsie transcriptional response. At the initial time
point (O hpi), moderate differential expression was observed with balanced populations of both
upregulated and downregulated genes. Subsequently, a progressive escalation in the number of
differentially expressed genes occurred from 24 to 96 hpi, characterized by a substantial expansion
of both upregulated and downregulated gene populations. This pattern demonstrated a time
dependent amplification of transcriptional response to pathogen challenge insistante
genotype. In contrast, the comparison of pathegenulated susceptible versus medokated
susceptible plants (Figure 3.10, Panel$i)Eexhibited markedly different kinetics. Minimal
differential expression was detected at the initial time pfmhbwed by substantial transcriptional
activation at later time points (26 hpi). This temporal pattern indicated a delayed but
pronounced transcriptional response in the susceptible genotype, contrasting sharply with the
immediate response observedesistant plants.

The direct genotype comparison under pathogen challenge (Figure 3.10, Panetvdaled
significant baseline transcriptional differences between resistant and susceptible plants even at
time zero. However, as the infection progressbd,number of differentially expressed genes
between genotypes decreased progressively, suggesting a convergence of transcriptional responses
over time. This temporal convergence pattern corroborated earlier observations that initial
genotypespecific diferences become attenuated during infection progression.

These differential expression patterns collectively demonstrate that resistant and susceptible
genotypes employ fundamentally distinct transcriptional strategies in response to pathogen
challenge, Wth resistant plants exhibiting immediate and sustained responses while susceptible
plants show delayed activation. The temporal dynamics reveal that gespsgéc
transcriptional differences are most pronounced during early stages of infection dudllgra
diminish as the pathogédrost interaction progresses.

The Venn diagram illustrates the temporal dynamics of gene expression changes in resistant and
susceptible tomato genotypes durilggptoria lycopersiciinfection, comparing pathogen
inoculated plants to moekoculated controls across five time points.

In the resistant line, a strong late defence response is evident, with 872 unique genes differentially
expressed at 96 hours pasbculation (hpi), suggeing that resistance responses intensify over
time rather than acting immediately (Supplementary Figure 1A). Only 147 genes are consistently
differentially expressed across all time points, representing a core set of resastsocated

genes that are amtained throughout the infection. Early time points (PathogenR_0 and
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PathogenR_1) show more modest unique responses (237 and 194 genes, respectively), while later
time points exhibit broader transcriptional activation. The patterns of intersectiondragiiam

indicate that some genes are transiently regulated at specific time points, while others display
sustained differential expression. This pattern is characteristic of quantitative or induced
resistance, in which plants gradually amplify their deéeresponse over time, contrasting with

the rapid hypersensitive responses seen in other resistance mechanisms.

For the susceptible genotype, 40 genes located at the center of the Venn diagram represent
persistent susceptibility signature genes that ansistently differentially expressed across all

time points and suggestimgss consistent or more variable expression respaosesared to the
resistant genotype. These genes likely include elements of core pathogen recognition, bread stress
response pathays, and possible targets of pathogen effectors acting early during infection. At 24
and 48 hpi, 325 and 387 unique genes are differentially expressed, respectively, alongside 46
shared genes, reflecting an early peak in pathogen recognition and defdivedion
(Supplementary Figure 1B). By 96 hpi, a significantly larger set of 617 uniquely expressed genes
emerges, indicating widespread transcriptional reprogramming associated with disease
establishment and host tissue collapse, possibly indicatingewealess coordinated defense
responsesThe overlap patterns between time points highlight key transitions in infection
progression. For instance, thei 28 hpi overlap (46 genes) suggests sustained early defence
attempts, while the 482 hpi overlap (15 genes) signals a shift toward pathogen establishment.
Similarly, the 7296 hpi overlap (91 genes) marks the activation ofdtdge disease processes.

More complex multtimepoint overlaps provide further insights into infection dynamics: 55 genes
sharel among 2848/ 72 hpi may function during critical infection establishment phases, while the
255 genes shared acrossi A8 96 hpi represent the largest overlap, potentially reflecting
persistent pathogedriven manipulation of host transcription.

Biologicaly, these patterns support a temporal infection strate@/ bycopersician initial phase

of strong but ultimately ineffective plant defencei(28 hpi), followed by a mighhase of infection
establishment (highlighted by the 2§Bne overlap in 482 96 hpi), and culminating in extensive
disease progression and host tissue deterioration by 96 hpi, with 617 unique genes reflecting a final
collapse of plant defences. This progression suggests susceptibility mechanisms characterized by
an early but unsuccssll defence effort, followed by metabolic hijacking and host cellular
breakdown.

These results also underscore the importance of timing in intervention strategies. The distinct, non
overlapping gene sets at different time points suggest that targetegethiér or resistance
approaches may need to be deployed at specific stages of infection. The susceptible genotype's
temporal cascade of gene expression sheds light oishlywopersicevades host defenses. Later
stages of infection showed significardriscriptional disruption, including ribosome enrichment

and suppression of photosynthesis, which is consistent with pathoggiated host metabolic
hijacking. Early infection phases were characterized by modest activation of defense pathways and
maintaineél investment in growth. This phase identifies possible susceptibility characteristics that
the pathogen may exploit as well as crucial opportunities for efficient resistance activation. By
concentrating on genes and pathways that facilitate early reavgaitd quick defense activation,
identifying host processes that pathogen effectors target, and stacking multiple-defsiesidoci
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into breeding programs to achieve robust, quantitative resistance, such information offers a
molecular roadmap for creag longlasting resistance strategies.

Similarly, the Venn diagram comparing pathogeoculated resistant and susceptible genotypes
over time (Supplementary Figure 1C) reveals additional key patterns. A substantial core of 1,211
genes is consistently défentially expressed between resistant and susceptible genotypes across
all four time points, suggesting these genes are fundamental to resistance mechanisms that persist
throughout infection. Each time point also shows a large set of unique differeakpligssed

genes, ranging from 793 at 96 hpi to 1,838 at 24 hpi, indicating that resistance responses are highly
dynamic, engaging distinct gene sets as the infection progresses. And overlapping regions between
consecutive time points reflect sequentialesof transcriptional changes, while broader overlaps
suggest that some defenwtated genes are maintained over multiple time points. This is
consistent with plant defence strategies that include both immediate early responses and more
prolonged defenceathways. The presence of many tip@nt-specific genes further suggests that
resistant and susceptible plants continue to diverge in their transcriptional profiles over time, with
each stage of the infection engaging distinct molecular pathways amdesfeategies.

Further to visualize the variation in differentially expressed genes (DEGs) between resistant and
susceptible tomato genotypes over the infection time course, we constructed Venn diagrams
illustrating the overlap and unique distributionupk and downregulated genes at 0, 24, 48, 72,

and 96 hours posnfection (hpi). The diagrams compare four DEG sets: S_Downregulated (blue)
represents genes downregulated in susceptible plants, S_Upregulated (yellow) represents genes
upregulated in susctple plants, R_Downregulated (pink) represents genes downregulated in
resistant plants, and R_Upregulated (gray) represents genes upregulated in resistant plants. At 0
hpi, the overlap between genotypes was minimal, with most DEGs being gespggfc,
indicating distinct baseline expression profiles (Supplememtary Figure 2). At 24 hpi, both
genotypes exhibited increased transcriptional activity, with the resistant genotype showing a
stronger response (1,556 upregulated genes in resistant vs. 908aptitles), suggesting early
activation of defense mechanisms (Supplementary Figure 3). By 48 hpi, DEG complexity peaked,
with substantial numbers of regulated genes in all categories. This time point coincided with the
largest expression divergence betwessistant and susceptible genotypes, aligning with previous
observations (Supplementary Figure 4). At 72 hpi, high transcriptional activity persisted, with the
resistant plants maintaining a strong upregulation profile (2,659 genes), while susceptiisle pla
showed a more balanced distribution of apd dowrregulated genes (Supplementary Figure 5).

By 96 hpi, resistant plants continued to display a robust defense response, with 1,995 genes
upregulated, indicating prolonged activation of immune pathwiigsie 3. 11).

At 96hpi, unique gene expression patterns were prominent: 1,906 genes (29.4%) were upregulated
exclusively in resistant plants, 1,416 (21.8%) only in susceptible plants, 954 (14.7%)
downregulated only in resistant plants, and 851 (13.1%hdeyulated only in susceptible plants
(Figure 3.11). Shared expression was limited, with most intersections containing zero genes,
emphasizing that the majority of DEGs were genotyme conditiorspecific. Notable overlaps
included 125 genes (1.9%) besveR_Downregulated and S_Upregulated, 142 genes (2.2%)
between R_Upregulated and S_Downregulated, and a few pairwise intersections with 831 and 266
shared genes, respectively (Figure 3.11). These results underscore that resistant and susceptible
genotypesely on largely distinct transcriptional programs in responsk tgcopersicinfection.

The consistently greater number of upregulated genes in the resistant genotype, particularly at later
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time points, reflects a more sustained and targeted immunengespwhile the minimal overlap
between genotypes suggests distinct underlying molecular pathways rather than a shared general
stress response.

Combined Up/Downregulated Genes at 96hpi
S_Downregulated R_Upregulated

851
(13.1%)

S_Upregulated R_Downregulated

Figure3.11Venn diagram showing the overlap and unique itistion of differentially expressed

genes (DEGs) at 96 hours pasfiection (hpi) between resistant and susceptible tomato genotypes.
DEGs are categorized into four groups: upregulated in susceptible plants (S_Upregulated, blue),
downregulated in susceptgoplants (S_Downregulated, yellow), upregulated in resistant plants
(R_Upregulated, gray), and downregulated in resistant plants (R_Downregulated, pink). Numbers
indicate the count of DEGs in each category, with percentages of total DEGs shown in pasenthe

The analysis reveals predominantly condigpecific gene expression patterns, with minimal
overlap between resistant and susceptible responses, suggesting distinct molecular mechanisms
underlying resistance and susceptibility phenotypes.

Functionalclassification of DEGs
Gene Ontology (GO) enrichment analysis was al
vd. 8.1 in R, with gene |l ength bias correcti ol
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Figure3.12 Gene Ontology (GO) enrichment analysis of differentially expressed genes (DEGS) in
resistant and susceptible tomato genotypes following pathogen inoculation at multiple time points.
Bar plots represent the top enriched GO terms across three categasiegicBi Process (BP,

red), Cellular Component (CC, green), and Molecular Function (MF, blue).-akis yndicates

the statistical significance of enrichment ex
each bar represent the number of DEGs aasatwith each GO term. Panels[Acorrespond to

the resistant genotype at 24 hpi (A), 48 hpi (B), 72 hpi (C), and 96 hpi (D).Pantiegresent

the susceptible genotype at 24 hpi (E), 48 hpi (F), 72 hpi (G), and 96 hpi (H). These profiles
illustrate dyamic and genotypspecific shifts in biological pathways throughout pathogen
infection. Enriched terms in resistant plants suggest activation of defelated processes, while

the susceptible plants display altered molecular responses over time.
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Similarly, KEGG pathway analysis of resistant and susceptible genotypes prior to pathogen
inoculation (Supplementary Figure 6) revealed distinct differences in the basal transcriptomic
profiles of resistant and susceptible tomato genotypes. The resetatyge exhibited significant
enrichment of defeneassociated pathways, includipant hormone signal transductipm APK
signaling phenylpropanoid biosynthesiscutin/suberin/wax biosynthesigphenylpropanoid
biosynthesis, Zeatin biosyntheaisdplant-pathogen interactiofSupplementary Table 2). These
pathways suggest a paetivation or priming of immune responses. Even before inoculation, the
resistant genotype P1126443 showed constitutive enrichment of defessaated pathways, such

as hormone gnaling, phenylpropanoid and cuticle production, MAPK signaling, andiplant
pathogen interaction pathways. The fact that these same pathways were further reinforced upon
pathogen challenge suggests that they represent a form of transcriptiesetiyagm, or immune
priming, rather than unrelated species variation, even though interspecific divergence IStween
corneliomulleri and S. lycopersicummay account for some of these baseline differences.
Comparable constitutive enrichment of defensated pdiways has been documented in crop
species with quantitative resistance I@en et al., 20139nd other resistant wild tomato relatives
(Andolfo et al., 2014)Although background species differences cannot be completely ruled out,
we interpret thes@atterns as proof of an organically "primed" defense state in P1126443. In
contrast, the susceptible genotype showed limited enrichment of de&atssel pathways and
uniquely displayed activation of thghotosynthesipathway, potentially indicating asource
allocation toward growth rather than defence. Together, these findings highlight a transcriptomic
basis for early defence preparedness in the resistant line.
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Figure3.13 KEGG pathway enrichment dynamics across time points in resistant and susceptible
genotypes in response % lycopersiciBubble plot showing enrichment at 24 (A and B), 48 (C
and D), 72 (E and F) and 96 (G and H)hpi. The size of each bubble represeggadiratio for

the respective KEGG term, while the colour scale indicates the adjusttdep Pathways related

to primary defence responses, secondary metabolism, hormonal signalling, and stress adaptation
are labelled for clarity.
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Comparative analysis of KEGG pathway enrichment between resistant and susceptible genotypes
across different time points provides valuable insights into the temporal dynamics of the response

to S. lycopersicinfection. At the early time point (24 hpi), the resistant genotype exhibits a focused

and targeted def endmatrheoggpemn sient ewiatchh i 6 6 a retme
significantly enriched pathway. This is accompanied by the enridhofidmosynthetic pathways

such as diterpenoid, flavonoid, and brassinosteroid biosynthesis, indicating early metabolic
reprogramming. Additionally, moderate enrichment of DNA repair and cellular maintenance
pathways (gene ratios between 0.028) suggesta precise and efficient activation of defence

related processes (Figure 3.13).

In contrast, the susceptible genotype at 24 hpi shows signs of broader metabolic disturbance, with
enri chment in multiple biosynthegsiasi pgdohwaysw
highly enriched (gene ratio ~0.10), reflecting activation of general stress responses. The
prominence of the MAPK signaling pathway further suggests heightened alarm signaling.
However, the enripah me gt n o pathwvdy & kess fotuaed dompared

to the resistant genotype, indicating a less coordinated defence response.

At later time points (72 and 96 hpi), the resistant genotype maintains a sustained yet controlled
defence, with continuepdtemgem hmaenher adt itohnedo fpP
activity becomes more pronounced through pathways like starch and sucrose metabolism and
photosynthesis, while hormone signaling remains active. The relatively low gene ratios during this
phase reflect a weliegulded and managed response.

In contrast, the susceptible genotype shows signs of severe systemic disruption at these later stages.
Extremely high gene ratios (up to 0.15) across multiple pathways indicate overwhelming
transcriptional activation. The ribosonmathway is among the most enriched, suggesting
translational stress, while disruptions in photosynthesis and extensive metabolic reprogramming
reflect cellular instability.

Overall, this temporal KEGG analysis illustrates that resistant plants mountygre#eient, and

focused defence, while susceptible plants exhibit delayed recognition followed by widespread,
disorganized responses. Resistant genotypes maintain metabolic balance and targeted signaling
over time, whereas susceptible plants descendngreasing metabolic chaos and cellular stress.

The strong enrichment of ribosome and photosynthesis pathways in susceptible plants at later
stages further underscores the extent of cellular dysfunction and ineffective pathogen defence.

Candidate Resiahce Genes Based on Expression Analysis

In the search of defengelated genes i8. lycopersicin Tomato, a total of 286 u@and down
regulated DEGs were identified (Supplementary Tapl&hese DEGs were expressed at different
time points during the pgression of the disease (Figure 3.14). Consistent overexpression in the
resistant genotype and/or consistent downregulation in the susceptible genotype throughout
several infection phases were used to rank the candidate resistance genes. This apfgreach has
used before in other transcriptome studies of plants and pathogens, where genes exhibiting
consistent and repeatable expression patterns were more likely to be core resistance determinants
than temporary stress respong&sdolfo et al., 2014)These patterns of sustained expression are
becoming more widely acknowledged as characteristics of quantitative resistance mechanisms
(Poland et al., 2009; St.clair, 201@yioritizing genes with statistical significancad{usted p<
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0.05), substantial fod change (|1 o0og2FC| Greldted pathwaysy and v e me n
consistent temporal patterns.

Candidate Resistance Genes by Regulation Type

55
46
41
36
27
23
7

24hpi 48hpi T2hpi 96hpi

20
‘
Ohpi
Timepoint

Figure3.14 Bar diagram showing the number of differentially expressed genes (DEGs) exhibiting
opposite expression patterns between resistant and susceptible tomato genotypes at 0, 24, 48, 72,
and 96 hours poshoculation (hpi) withS. lycopersiciBlue bars represé genes upregulated in

the resistant line and downregulated in the susceptible line, while red bars indicate genes
downregulated in the resistant line and upregulated in the susceptible line. This contrast highlights
time-specific transcriptional divergea associated with resistance and susceptibility responses.

40

Regulation
. Down_in_Res_Up_in_Sus
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Solyc09G000093encoding a cysteirgch secretory pathogenesilated protein 1 (PR1), was
strongly upregulated in resistant plants at 24 hpi (log2FC: 3.12) (Supplementary3Y ainie
associated with plant hormone signaling, MAPK signaling, and iplatttogen interaction
pathways. This pattern suggests a role in rapid early defence activation, although its lack of
expression at later time points indicates a primarily transient furiatipsithogen recognition and
initial signaling.

Solyc05G002175a calmodulidike protein 4, demonstrated significant upregulation at 72 hpi
(log2FC: 8.41) and 96 hpi (log2FC: 9.97) (Supplementary T@bleflecting calciurrdependent
signaling pathways c#ral to effective plarifpathogen interactions and defence amplification.
Solyc12G000504an acetylCoA-benzylalcohol acetyltransferase involved in phenylpropanoid
and flavonoid biosynthesis, showed high expression levels across time points (log2FGit 10.02
48 hpi; 10.52 at 72 hpi) (Supplementary Té)lesupporting its function in sustained antimicrobial
compound production and cuticle reinforcement.
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Solyc05G002766encoding a serine/threonipeotein kinase SRK2 (SnRK2), was consistently
upregulated a48 and 72hpi time points (log2FC: 10.02 at 48 hpi; 10.52 at 72 hpi) (Supplementary
Table3), suggesting its role as a key ABfependent stress signaling and defence regulator.
Solyc03G001548 a 3ketoacytCoA synthase linked to cuticular wax biosynthesigs
upregulated in resistant plants (log2FC: 6.29 at 48 hpi; 7.47 at 72 hpi) (Supplementar§),Table
indicating its contribution to strengthening physical barriers to pathogen entry.
Solyc02G001492encoding the pathogenesedated transcriptional actit@ PTI5, was highly
induced in resistant plants at 96 hpi (log2FC: 7.51, padj = 6.4®x(Stipplementary Tabl8),
consistent with a role in coordinating downstream defence gene activation.

Solyc06G002187a calciumdependent protein kinase, showedegpiation at 48 hpi (log2FC:

7.28, padj = 0.0003) (Supplementary TaB)efurther highlighting the importance of calcium
mediated signaling in defence regulation.

Additional resistancassociated genes were identified with clear functional implications.
Solyc03G003434 involved in endocytosis and hormone signaling, showed striking regulation
differences between genotypes, being highly upregulated in resistant plants (log2FC: 6.59, padj =
0.009 at 24 hpi) (Supplementary TaBlewhile downregulated in sugggble plants (log2FCi
3.16, pad)|j = 7. 681 103). ThHis sg&stp p fole n elefeneerreceptdra b | e
internalization and recycling, maintaining signaling sensitivity and preventing overactivation.
Solyc11G000889 connected to glutathione and ascorbate metabolism, was consistently
upregulated at 24, 48, and 72 hpi in resistant plants, with a strong signal at 48 hpi (log2FC: 7.23,
padj = 0.001) (Supplementary Tal8 Its expression supports a function in reactixggen
species (ROS) detoxification and cellular redox balance, critical for sustaining defence responses
while protecting host tissues.

Solyc06G000781functioning in ubiquitinmediated proteolysis, was significantly upregulated in
resistant plants at Hn24 and 96 hpi (log2FC: 10.12 , padj = 6.24 X°4 24hpi and log2FC:6.06,

padj = 0.03 at 96hpi) (Supplementary TaR)leThis gene likely regulates defence protein turnover,
promotes effector degradation, and controls programmed cell death to peruessive tissue
collapse. Previous studies in tomato and Arabidopsis corroborate its role in balancing immune
activation with cellular integrity, underscor
resistance to hemibiotrophic pathogens.

Convesely, several candidate genes displayed putative suscepitstibciated patterns,
including Solyc01G000254 (acetytCoA:benzylalcohol acetyltransferabke protein),
consistently downregulated in resistant plants frorn948hpi, and two SAUR family pteins
(Solyc07G002818 an®olyc04G002888)Supplementary Tabl8), also downregulated across
multiple time points, suggesting their possible roles in susceptibility.

This analysis highlights a coordinated defence program in resistant tomato plants gwolvin
pathogenesiselated proteins (Solyc09G000093) as early defence effectors, calcium signaling
components (Solyc05G002175, Solyc06G002187) for signal transduction, transcriptional
regulators (Solyc02G001492) directing defence gene expression, metaboljenesnz
(Solyc12G000504, Solyc03G001548) involved in secondary metabolite and cuticle biosynthesis,
(Solyc11G000889) involved in oxidative stress tolerance, (Solyc06G000781) involved in defence
regulation through protein turnover and protein kinases (Soly@083@6) mediating stress
responsive signaling pathways (Figure 3.15).
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Figure 315 Heat map s h o wi nchange imeexprlessign of delected differentially
expressed genes (DEGs) between resistantusmuegtible tomato genotypes across five infection

time points (0, 24, 48, 72, and 96 hours pogction, hpi). Gene expression levels in resistant
(Res) and susceptible (Sus) plants are compared relative to baseline expression at O hpi. Red
indicates upggulation, blue indicates downregulation, and white represents no significant change.

These temporally and functionally complementary genes highlight a robust immune framework in
resistant tomato genotypes. Their involvement in critical pathwagtading, planipathogen
interaction, MAPK signaling, plant hormone signal transduction, and phenylpropanoid
biosynthesis, provides a valuable foundation for future maaksisted selection and genetic
engineering efforts to improve tomato disease r@sts.

Discussion

Septoria leaf spot, caused by the hemibiotrophic pathSgptoria lycopersicirepresents one of

the most persistent and economically significant diseases affecting cultivated tomato worldwide.
This pathogen poses particular challenge®rganic production systems where fungicide options

are limited, making genetic resistance a critical component of sustainable disease management
strategies. The present comprehensive transcriptomic study provides unprecedented molecular
insights into he resistance mechanisms operating in wild tomato relatives, specifically comparing
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the highly resistanBolanum corneliomulleraccession P1126443 with the susceptible cultivated
tomatoS. lycopersicun?1647196.

Our results show that resistancestdycersiciin P1126443 is mediated by a coordinated, rulti
layered immunological mechanism rather than just the quantitative overexpression of individual
defensive genes. In a temporally tiered defense response, resistant plants incorporate metabolic
reinforeement (phenylpropanoid and cuticle manufacturing), transcriptional regulators,
antimicrobial PR proteins, early signaling cascades (caldependent kinases, MAPKSs), and
stress stabilization systems. The lack of DEG overlap with susceptible plants lanwdydat/el
enrichments demonstrate that resistance is a complete transcriptional reprogramming event rather
than a straightforward change in gene dosage. Unlike the limited,-g@géedefense mechanisms
characteristic of qualitative -Bene resistance, éee dynamic and interrelated reactions
demonstrate the complex, polygenic nature of quantitative resistance. These findings have
profound implications for understanding pla@thogen interactions and developing durable
resistance strategies for tomato noyement.

Contrasting Phenotypic Responses to SLS Infec
The phenotypic assessment confirmed the expec
the two genotypes. Pl1126443 exhibited compl et

doéeven at high spaerpeorcessncorelnt, r avthiidmes Pl 160M 7196 d
wi tditTdhays-iposul ation (dpi). These observation:
that wild tomato rel ati ves dafhtaenn chudrth ovrat stdr ovn
evolutionary gea&laect& on npgrh®ud yu Ae260ad0 7Under t he D

Curve (AUDPC) anal ysis further val i dated the
Pl 126443 as a wsalbuwuabl d ogemheiedi REAQp rana@r ayres .s
Pl 1263.43cdrnegl iaommu IA%e6rdiv7 $ @ 6 p édresmocnusmt r at es t hat
governed by coordinated transcriptional repr c
rat her tghuaann tsiitnaptilieve di fferences i n gene expre
Transcriptomic Basis of. Diyfcfoepreernstiicail Resi st an:
The present study provides comprehensive tran:
underlying diff &idegrtoipein st esnas oanaceveal i ng di
functional patterns that distingui-ségq rarsdlsy ain
demonstrates that resistance is governed by ¢
mu | tdiepfleens e pat hways, rather than simple quant
Tempor al Dynamics of Defence Response

Early Defence Activation in Resistant Plants

The most striking finding of our study is the robust early defense activatiesigtant plants, with
substantial transcriptional changes evident as early as 24 howisqmsgation. This contrasts
sharply with the delayed response observed in susceptible plants, supporting the hypothesis that
rapid pathogen recognition and defermsebilization are critical determinants of resistance
outcomegMogensen, 2009)The immediate upregulation of pathogeneslated genes such as
Pathogenesigelated protein (PR1) (Solyc09G000093) at 24 hpi in resistant plants, coupled with
enrichment bplantpathogen interaction pathways, suggests that successful resistance depends on
efficient pathogen recognition and signal transduction systems. PR1 proteins are well
characterized in systemic acquired resistance (SAR) and are induced by salidyl{SALi

in Arabidopsisand tomat@Tornero et al., 1997; Yasuda et al., 20821 gene in tomato are found

to be systemic, expressed in an uninoculated condition, seems to be complementary and necessary
for the plant to acquire an effective state to tgs&hogen attack&lornero et al., 1997)heir
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early upregulation here suggests rapid-r8&diated signalling, consistent with resistance to
biotrophic/hemibiotrophic pathogens like S(&hang et al., 2007; Meng & Zhang, 2013he
progressive increase DEGs from 24 to 96 hpi in resistant plants (peaking at 7,676 DEGS)
indicates a sustained and amplified defense response characteristic of quantitative resistance
mechanisms. This temporal pattern aligns with previous findings in tgpasttogen interdions,

where durable resistance often involves multilayered defense strategies that intensify over time
rather than relying solely on rapid hypersensitive respffsasch et al.,, 2016; Corwin &
Kliebenstein, 2017)

Compromi sed Defencec€Eopoi thi eatPi amtisn Su

Il n contrast, susceptible plants exhibited del
points, foll owed by broader but l ess coordin
presence of 617 uni pue bDEGpl ant 36 mMmMaNyi msswsdc
and metabolic disruption, suggests that susce
but rat her mi sdirected or Il nefficient def er

progr(elssspwan &den Ackerveken, 2013)

The KEGG pathway analysis provides mechanistic insights into this failed defense, revealing that
susceptible plants show excessive enrichment of ribosome and general metabolic pathways at later
stages, indicating cellular ss®and resource depleti(Rudd et al., 2015)This contrasts with the
focused and sustained defemskated pathway enrichment observed in resistant plants, supporting
the concept that effective resistance requires precise regulation of defenseoacto/étalance
pathogen control with cellular homeostasis.

Mol ecul ar Mechani sms of Resistance

Primed defence state in resistant genotypes
The unique basal transcriptional profile in t
which was machmdnbystsmode fagresle pat hways such cu
MAPK signaling, and phenyl propanoid biosynthe
The fact t hat these same pathwaysS.wdryeceopei sk
i nocul ation suggests a functional role in def
t hese di fference-bevaele diuveer e n ccgoea tnicdhsvdaenu | | er
| ycoperrastihceurm t hsapne cpiaftihco gperni mii t qu.t i SYiemialca ri-lvya,t i com
related genes contributes to | asti(fFgofadneitt a
2002; Zhang Atthbugh2@w63accept that species di
for this backgheumndbcsirgeai @omei s better under s
of the quantitative resistance architecture i
The preactivation of defensassociated pathways, including plant hormone signal transduction,

MAPK signaling, and phenyitppanoid biosynthesis, suggests that resistant genotypes maintain a
"primed" state that enables rapid and effective responses upon pathogen e(fiowmateret al.,

2010; Pastor et al., 2013)his priming mechanism is consistent with the concept of eegan

defense capacity, where resistant plants maintain heightened readiness without the metabolic costs
associated with constitutive defense activgaughter et al., 2011)

The enrichment of cutin, suberin, and wax biosynthesis pathways in resistatst ¢ baseline
further supports the importance of preformed physical barriers in resi¢Rmeeyalakshmi et al.,
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2019) These findings align with previous studies demonstrating that enhanced cuticular barriers
contribute significantly to quantitatvresistance against foliar pathogens in tomato and other
cropgMarques et al., 2016; Zhang et al., 2019; Arya et al., 2021)

Coordinated defence net wor k

Our i1 denti fi cateilocant eodf [PEB&Es dperfoevnisdees a mol ecul a
resstiance mechani sms. Key resespendece ggegeal img
(cal modklei nprotetdrepdndemdal cpuomt ei n ki nase), t
(pat hogehatsed transcriptional activat ored PThS5
secondary met abolite bi osynthesis. The tempo
hierarchical defense network where early 71 ecc
medi ated signaling cascadesondalat psadrsaemgieholt

def ense.

The consistent upregulation of genes involved in phenylpropanoid biosynthesis
(Solyc12G000504) and cuticular wax synthesis (Solyc03G001548) throughout the infection time
course indicates that both chemical and physielnse mechanisms contribute to resistance. This
multi-layered approach likely provides robustness against pathogen adaptation and supports the
guantitative nature of resistance observed in P1126443.

Functional I mplications and Defence Pathways
Hor monghasing and stress response integration
The prominent role of plant hormone signaling
highlights the central i mportance of hor mona
tempor al p agtnti ef ri ncsa nd il fyf ebretsmMeen genotypes, with
sustained hormone signaling activation, while
hor monal responses. The upregulation ®fstSnRK2
t hat -depAndent stress signaling contributes t
stomatal behavior and osmotic adjustment.

The integration of MAPK signaling with hormone pathways in resistant plants indicates
sophisticated signal procesgi capabilities that enable appropriate defense responses while
maintaining cellular homeostasis. This contrasts with the broader and less coordinated signaling
observed in susceptible plants, where pathway enrichment suggests cellular stress ratiner than t
activation of directed defense.

Redox balance and cellul ar protection
The consistent upregulation of glutathione an
resi stant plants throughout the Iinfiem¢éodshapirs

in successful defense. This fipdhithpgien pattira
often involveShaxo dat i ak. st 2668andNatnhdea aebti lailt.y,
cellul ar redox bakaseerwbBiploasessmaiynbegcdeti a

The role of ubiquitirmediated proteolysis (Solyc06G000781) in resistance further emphasizes the
importance of protein quality control and regulated protein turnover in defense re¢pensé&s
et al, 2003; Zeng et al., 2006This mechanism likely contributes to the precise regulation of
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defense activation and prevents excessive cellular damage associated with prolonged defense
responses.

| mplications for Resistance Breeding

Mol ecul ar mesksetanter

Their potenti al as -astsnesngdt sredetcs i bor ( MABKker
di scovery of a c oraes scooclilaetcetdi ogne noefs rtehsaits taarnec ec c
al |l time points (n = édimanedhesesgenasceobsactk
responsi bl-leadtoirng heeud mmtnigt ati ve resistance seen
triggered defense responses. Sehgetedni mooun it
gr own t o nsautgogeess,t eals by t heir functional rol es,
cuticl e/ wax production, phenyl propamepied denet a
ki nases. Breeders wild/ be able to more eff e
integing these genes into MAS pipelines and
resi stance mechani sms. GCekes pswecei mas ( $dley ccOab
pat hogreenleastiesd transcriptional activatsarstes8ol y
expression patterns that could serve as mol ec
expression profiles of these genes also pr o\
evaluation in breeding programs.

The core set of 147 genesnsistently differentially expressed across all time points in resistant
plants represents particularly promising candidates for resistance breeding, as their sustained
expression suggests fundamental roles in resistance mechanisms rather than ttaessent s
responses.

Durabil it yspaencd rburnoarde si st ance

The quantitative nature of resistance observe
activation and multiple defense pathways, sug
greduemabil ity cagemaer gk Pliod aaaidec glte al . , 20009; R
The involvement of multiple defense | ayers, i
coordinated signaling pathwaydsaptraegd wme atnhde rle
breakdown. The primed defense state observed

genotypes may possess broader spectrum resist
enhance responses t ot hmund td pd ei fsita epat Hogperss .r a

Conclusions and Future Directions

This comprehensive analysis of transcriptomics demonstrates that resist&dgctmpersicin

tomatoes involves the coordinated activation of multiple defense pathways. This process begins
with a primed defense state and progresses through rapid pathogen recognition, sustained defense
activation, and the maintenance of cellular homeostasis. In contrast, susceptible plants exhibit
delayed, disorganized, and ultimately ineffective defense respomblese observations provide

clear molecular evidence for the underlying mechanisms of differential disease resistance. The
identification of key resistance genes and pathways lays the groundwork for both-assikerd

breeding and genetic engineeriefforts aimed at enhancing tomato resistance. Future research
should prioritize the functional validation of candidate resistance genes, explore their roles against
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other pathogens, and develop practical breeding applications. Additionally, the temparalaty
revealed in this study suggest that resistance evaluation protocols should consider the timing of
defense responses, as early defense activation appears to be a critical factor in determining
resistance outcomes. This understanding could inform bogkding strategies and disease
management practices within tomato production systems. Finally, the sophisticated coordination
of defense mechanisms observed in resistant plants underscores the importance clesydtems
approaches to understanding plamtnunity. A combination of transcriptomic, metabolomic, and
functional genomic techniques will likely be essential to fully comprehend and utilize the
resistance mechanisms identified in this study for practical applications in crop improvement.
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4. Chapter IV
Evaluation of Tomato Genotypes for Septoria Leaf Spot Resistance in Muki

Location Trials Under Organic Production System
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Abstract

Septoria leaf spot, caused ®gptoria lycopersicspeg., poses a major challenge to organic tomato
production in the southeastern United Stateish significant economic implications for both
organic growers and home gardeners. Therefore, identifying a reliable source of resistance is an
urgent priority. This study aimed to validate the correlation between greenhouse seedling screening
and field grformance of tomato genotypes across multiple environments, evaluate disease
progress and resistance durability under diverse field conditions, and identify superior genotypes
with stable resistance suitable for organic production systems. To achiexvebfedives, tomato
germplasm was evaluated for field resistance through ayéan multilocation screening
program. In 2023, 42 genotypes previously chosen via seedling screening were tested at two
research stations in Western North Carolina withinoeganic production system. Significant
genetic variation was observed (P < 0.001) with mean AUDPC scores ranging from 21.6 to 51.9.
The most resistant genotypes were NC210Q81.6), NC2Grape (26.8), and NC21008(29.2).
Location effects were significar(P < 0.001), with Mountain Research Station, Waynesville
showing higher disease pressure (41.8) compared to Mountain Horticultural Crops Research and
Extension Center (38.2). Strong genotype x location interactions (P < 0.001) indicated differential
adapation across environments. Disease progress curves revealed that resistant genotypes took
significantly longer to reach 50% disease severity under identical inoculum pressure. In 2024, 10
tomato genotypes were selected for migltiation evaluation at fouorganic production sites,
including two farmer fields and two research stations. These results confirm the utility of
greenhouse seedling screening as a predictive tool for field resistance and identify valuable
germplasm for breeding programs targesngtainable organic production systems.

Keywords: Septoria lycopersigitomato breeding, organic production, disease resistance; multi
location evaluation, disease progress curve

Introduction

Septoria leaf spot (SLS), caused gptoria lycopersicbpeg.,represents one of the most
economically important foliar diseases of tom&ola@num lycopersicuin) in humid production

regions worldwide (Blancard, 2012; Ferrandino & Elmer, 1992; Panthee et al., 2024). The disease
causes premature defoliation, redugdmtosynthetic capacity, and can result in yield losses
exceeding 50% under favorable environmental conditions (Ferrandino & Elmer, 1992; Jones et al.,
1991). In organic production systems, where synthetic fungicide options are severely limited,
genetic reistance offers the most sustainable approach for disease management (Benbrook et al.,
2021; Gravel et al., 2011; Louws et al., 2001).

The pathogen thrives in warm, humid conditions with temperatures betw&#t@&nd relative
humidity above 90% (Elmer &errandino, 1995; Panthee & Chen, 2010; Sherf & MacNab, 1986).
Spores are dispersed by rain splash, leading to rapid secondary infection cycles during favorable
weather conditions (Elmer & Ferrandino, 1995; Ferrandino & Elmer, 1992). The disease typically
initiates on lower leaves and progresses upward through the canopy, causing characteristic small,
dark spots with light centers that eventually coalesce and lead to leaf yellowing and defoliation
(Jones et al., 1991; Pandey et al., 2024; Panthee ed24).2

Traditional field screening for Septoria resistance presents significant logistical and economic
challenges that limit breeding program efficiency (Sakr, 2022). Field evaluations are frequently
compromised by environmental variability, inconsisteatunal inoculum levels, seasonal weather
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fluctuations, and substantial resource requirements of-toaktion trials (Lahlali et al., 2024;
Veldsquez et al., 2018). These constraints severely restrict the number of genotypes that can be
evaluated simultaeously, creating bottlenecks in breeding program advancement and genetic gain
(Garrett et al., 2013; Xu & Crouch, 2008).

Seedling screening under controlled greenhouse conditions offers a transformative solution to
these limitations by providing breedersttwa costeffective, highthroughput methodology for
evaluating disease resistance (Nene, 1980). Greenbassd inoculation protocols enable
standardized pathogen exposure across large genotype collections while eliminating
environmental variables thabnfound field assessment. This controlled approach dramatically
reduces pegenotype evaluation costs, requires minimal space and labor resources, and allows
yearround screening independent of seasonal constraints (Garrett et al., 2013; Lahlab24al., 2
Nene, 1980; Velasquez et al., 2018).

The economic advantages of seedling screening are particularly compelling for breeding programs
with limited resources (Bernardo, 2008). While field trials require extensive land areas, multiple
seasons, and sigiant labor investments, greenhouse screening can evaluate hundreds of
genotypes within confined spaces using standardized inoculation procedures (Bari et al., 2023).
However, the ultimate value of this methodology depends critically on its ability tacipfiett
performance accurately (Langstroff et al., 2021). If seedling resistance rankings correlate strongly
with field performance across diverse production environments, this screening approach could
revolutionize breeding efficiency by enabling rapiéntification of resistant genotypes before
expensive field evaluation (Amusa, 2010; Bari et al., 2023).

The critical need for efficient resistance screening methodologies, combined with the economic
pressures facing breeding programs, necessitates ugyaalidation of greenhouse screening
protocols (Bernardo, 2020). This study addresses the fundamental question of whether controlled
seedling inoculation can reliably predict field resistance performance, potentially transforming
breeding methodology f@eptoria resistance.

The objectives of this study were to: (1) validate the correlation between greenhouse seedling
screening and field performance of tomato genotypes across multiple environments, (2) evaluate
disease progress and resistance durabilitheudiverse field conditions, and (3) identify superior
tomato genotypes with stable resistance suitable for organic production systems. By addressing
these objectives, this research aims to establish a seedling screening protocol as a reliable, cost
effedive tool for accelerating genetic improvement of Septoria resistance in tomato breeding
programs.

Materials and Methods
Plant Materials

The study utilized a twgtage selection process beginning with seedling screening assays
conducted under controlled mditions (data not shown). From an initial collection of 93 diverse
tomato germplasm, 42 genotypes were selected based on low disease score in seedling resistance
eval uations. Selection criteri a-5scalecihsedigd di s e
assays.
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Experimental locations
Year 1 (2023) Field Evaluation

Two research locations in western North Carolina were selected for initial field validation: 1)
Mountain Horticultural Crops Research and Extension Center, Mills River (MR), NC located at
an elevation: 630 m, with welirained mountain soil type, climate having moderate humidity,
consistent rainfall and 2) Mountain Research Station, Waynesville (WV), NC located at an
elevation of 839 m, with cooler temperatures, higher humidity with enharmeditions for
disease development.

Experi ment al Design and Management

The experiment was conducted using a randomized complete block design (RCBD) with three
replications at each location. Each experimental unit consisted of 6 plants per genotyp8.6paced
m apart within rows and 1.5 m between rows. All plots were managed according to USDA organic
certification standards.

This required cultural practices with transplant production in certified organic potting media, field
preparation with incorporated ganic matter, drip irrigation for consistent soil moisture, an
organicapproved fertilization program, mechanical cultivation for weed management, and organic
pest management protocols.
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Di sease I nocul ation and Assessment Protocol

Fields were inoculated after 4 weeks of transplanting with locally isofégtbriaisolates at a
concentration of 1075 spores/ml. Artificiabculum was utilized at both locations under favorable
weather conditions to enhance disease development. Disease scoring was assessed weekly
beginning two weeks after inoculation using-a Scale (Table 4.1).

Disease progress curves were constructeplditying disease severity against time, and the area
under the disease progress curve (AUDPC) was calculated for each genotype.

Table4.1 Disease Severity Scale for Septoria Leaf Spot Assessment.

Disease

Score ) Description
Severity
0 0% Leaves are free from leaf spot
1 0%- 5% 0-5 percent leaf area infected and covered by sg
2 6% - 20% 6-20 percent leaf area infected and covered by s
3 21%- 40% iéoﬂig percent leaf area infected and covered
4 41%.- 70% i;OYtg percent leaf area infected and covered
>70% >71 percent leaf area infected and covered by s

Year 2 (4®Z4A) iMwl tEival uati on
Genotype Selection

Based on 2023 results, 14 promising lines (10 from year 2023 anddeathaanced lines with
desired trails) were selected for expanded testing in 2024. Selection criteria included low disease
severity scores (< 35.0) and stable performance across both research locations.

Evaluation Locations

Four organic production sites veeselected to represent diverse growing conditions along with
year 2023 locations: Mountain Horticultural Crops Research and Extension Center, Mills River,
Mountain Research Station, Waynesville, Commercial Organic Farms (Farm 1, Enka, NC, and
Farm 2, Syla, NC)

Each location maintained certified organic production practices witksp@eific management
protocols adapted to local conditions.

Statistical Analysis

Data analysis was conducted using R statistical software (R Core Team, 2023). Analysis of
variance (ANOVA) was performed using mixedffects models with genotype and location as

fixed effects and replication nested within location as random effects. Mean separation was
conducted using Tukey's HSD test areevaluated, 0. 05.
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and stability analysis was performed to identify consistently performing genotypes across
environments.

Disease progress curve analysis was conducted using nonlinear regression models to estimate key
epidemiological parameters, including: &rto 50% disease severity, maximum disease severity,
and area under the disease progress curve (AUDPC)

Results

Year 2023 Field Evaluation

In 2023, 42 tomato genotypes selected through seedling screening assays wevalfieliid for
septoria leaf spot sestance at two North Carolina locations: the Mountain Horticultural Crops
Research and Extension Center in Mills River and the Mountain Research Station in Waynesuville.

Statistical analysis revealed highly significant variation among genotypes (F B £.0,001),
between locations (F = 16.9, df = 1, P < 0.001), and a significant genotype X location interaction
(F = 4.4, P < 0.001) (Table 4.1). The Mountain Research Station in Waynesville exhibited
significantly higher disease pressure (mean severityl:8)4compared to the Mountain
Horticultural Crops Research and Extension Center in Mills River (mean severity = 38.2),
representing a 9.5% increase in disease severity. This location effect likely reflects the more
favorable environmental conditions forsdase development at the higher elevation Waynesville
site.

Table4.2 Analysis of variance for Septoria leaf spot severity in 42 tomato genotypes evaluated at
two North Carolina locations in 2023.

Source ofvariance Df Sum Sq Mean ScF value Pr(>F)

Genotype 41 13975.9 340.88 7.1314 <2.2el6 ***
Location 1 810.5 810.51 16.9565 6.03E05  ***
Genotype x Location 41 85199 207.8 4.3474 8.39E12 ***
Residuals 165 7887 47.8

Signif. codes: 0 6 0.001* 0.01™* 0.05'"" 0.1'

Test: Tukey Alpha:=0.05 LSD:=1.68074

Error: 45.4798 df: 162

Location Means nS.E.

MR  38.19 125 0.60 A

WV  41.831230.61B

Means with a common letter are not significantly different (p > 0.05)
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Table4.3 Mean disease severity scores and statistical groupings for 42 tomato genotypes evaluated
for Septoria leaf spot resistance in 2023.

Test: Tukey Alpha: = 0.05 LSD = 15.42051

Genotype Means n S.E.
NC210051 216 6 275 A
NC2Grape 268 6 275 A B
NC2100810 292 6 275 A B C
Smarty 294 5 3.02 A B C
NC2102219 303 6 275 A B C D
NC2100618 303 6 275 A B C D
NC2102323 315 6 275 A B C D E
Brandywine Pink 315 6 275 A B C D E
Yellow Pear 327 6 275 A B C D E F
Wisconsins5 344 6 275 A B C D E F G
NC2100414 344 6 275 A B C D E F G
NC6Grape 344 6 275 A B C D E F G
NC2102212 350 6 275 A B C D E F G
NC210229 356 6 275 A B C D E F G H
Rutgers BK 362 6 275 A B C D E F G H
NC18079 BC2(x)_ 03_F. 37.80 5 3.02 B C D E F G H I
NC25P 3792 6 2.75 B C D EF G H I
NC1CELBR 3850 6 2.75 B C D EF G H I
NC2101717 3850 5 3.02 B C D E F G H I
NC30P 39.08 6 2.75 B C D E F G H I
NC10331_029 F7 39.67 6 2.75 B C D EF G H I
NC16221 F3 029 40.25 6 2.75 B C D E F G H I
451-2W(2010) F2 40.83 6 2.75 B C D E F G H I
NC13330_F7 42.00 6 2.75 B C D EF G H I
NC2185A(2010) 4258 6 2.75 C D EF G H I
NC20343 4258 6 2.75 C D EF G H I
NCEBRG6 4375 6 2.75 C D EF G H I
NC210193 4433 6 2.75 C D EF G H I
NC13385GR2_015 F8 4550 5 3.02 D E F G H I
NC2102818 46.08 6 2.75 E F G H I
NC2102810 46.67 6 2.75 E F G H I
NC2101710 4725 6 2.75 F G H I
NC10331_154 F7 4725 6 2.75 F G H I
NC2102123 47.83 6 2.75 F G H I
NC210162 47.83 6 2.75 F G H I
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Table 4.3 (Continued)

NC210206 48.42 6 2.75 G H I
NC18139 F3 064 48.42 6 2.75 G H I
NC13340 _F7 49.00 6 275 G H I
NC2102%110 4958 6 2.75 G H I
NC210188 50.75 6 2.75 H I
NC18139 F3 195 50.75 6 2.75 H I
NC210203 5192 6 2.75 [
Means separation was based on LSD. Means with common letters are not significantly ¢
(p >0.05)

Genotype Performance

The 42 tomato genotypes exhibited highly significant differences in Septoria leaf spot severity (F
=7.13,df =41, P <0.001), with AUDPC ranging from 21.58 to 51.92 (Figure 4.2). This represents
a 2.4fold variation between the most resistant and most susceptible genotypes, demonstrating
substantial genetic diversity for disease resistance within tdeaged germplasm.

AUDPC_3:
——T
==
T
T
T
— T
(8
—=

Genotype

Figure4.2 Box-andwhisker plot showing disease severity distribution for 42 tomato genotypes
across two North Carolina locations (Mills River and Waynesville).

Six genotypes demonstratedperior resistance, led by line NC21aD%vith the lowest disease
severity score (21.58), followed by NC2Grape (26.83), NC24aD$29.17), Smarty (29.40),
NC2102219 (30.33), and NC2106083 (30.33). Conversely, the five most susceptible genotypes
included NC21028 (51.92), NC18139 F3 195 (50.75), NC21@&1850.75), NC210210
(49.58), and NC13340_F7 (49.00) (Table 4.3).

Location Effects

Environmental conditions significantly influenced disease development across evaluation sites ( P
< 0.001) (Table 42 The Mountain Research Station in Waynesville recorded consistently higher
disease severity (mean = 41.83) compared to the Mountain Horticultural Crops Research and
Extension Center in Mills River (mean = 38.19). This 9.5% increase in disease pressure at



127

Waynesville likely results from the more favorable microclimatic conditions for Septoria leaf spot
development at the higher elevation location.

Genotype x Location Interactions

Significant genotype x location interactions (P < 0.001) revealed diffaergetnotype responses
across the two evaluation environments (Table 4.2). This interaction indicates that while certain
genotypes maintained stable resistance rankings regardless of location, others exhibited
environmenispecific performance patterns. Sunkeractions highlight the importance of multi
location testing for identifying genotypes with broad versus narrow environmental adaptation for
Septoria leaf spot resistance.

Disease Progress Analysis

Disease progress curve analysis revealed signifigenbtypic differences in the temporal
dynamics of Septoria leaf spot development. Under identical inoculum concentrations and field
conditions, resistant genotypes required substantially longer periods to reach critical disease
severity thresholds, demorating both quantitative and temporal components of resistance.

At the Mills River location, distinct resistance patterns emerged over iay3&valuation period.

The most resistant genotypes NC21A0NC2Grape, and Wisconsin55 maintained the lowest
final disease severity values (38.8% each) by day 35, demonstrating both delayed disease onset
and slower progression rates. In contrast, susceptible genotypes NC6Grape, NZ21&23
NC2102219 reached substantially higher disease severity levels (85 &9 &tathe same time

point. Disease severity increased gradually from 7 to 35 days after inoculation, with maximum
disease levels at day 35 ranging from 38.8% to 85.5% across all genotypes (Figure 4.3).
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Figure4.3 Disease progress curves for selected tomato genotypes evaluated for Septoria leaf spot
resistance at Mills River location in 2023.

Similar resistance rankings were observed at Waynesville, where genotypes N@21005
Brandywne Pink, and Wisconsin55 maintained relatively low disease severity (38.8%, 38.8%,
and 55.5%, respectively) by day 35 (Figure 4.4). However, this location exhibited generally faster
disease progression compared to Mills River, consistent with the momaliéev@nvironmental
conditions for pathogen development. Despite the increased disease pressure, resistant genotypes
maintained lower disease levels throughout the entire evaluation period.
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Figure4.4 Disease progress curves for selected tomato genotypes evaluated for Septoria leaf spot
resistance at Waynesville location in 2023.

Tukey's HSD test (U = 0.05, LSD = 1.68) confi
susceptible genotypes across blottations (Table 4.2). The analysis demonstrated that resistant
genotypes exhibited significantly longer periods to reach 50% disease severity under standardized
inoculation conditions. This finding has important implications for breeding programs, as it
indicates that effective resistance mechanisms encompass both reduced maximum disease levels
and delayed disease progression rates, dual characteristics that enhance overall field performance
and crop protection value.

2024 Multilocation Evaluation

Basedon the 2023 field evaluation results, 14 promising genotypes (10 from the year 2023 and an
additional 4 advanced genotypes with desired traits) were selected for expanded testing in 2024.
These genotypes were evaluated at four locations following orgamduigtion practices: two
organic farmer fields (Farml in Enka and Farm2 in Sylva) and two research stations (Mountain
Horticultural Crops Research and Extension Center, NC, and Mountain Research Station,
Waynesville, NC).

The 2024 evaluation demonstratexhsistent performance of resistant genotypes across multiple
environments. Genotype NC210Q%xhibited the highest level of resistance with a mean disease
severity of 22.17 N 1.42, significantly | ower
=7.04) (Table 4.4). This was followed by NC21608 (23.92 + 1.42) and NC210463 (26.83 +
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1.42), which were not significantly different from NC216D%ut showed significantly lower
disease severity than the susceptible controls.

Table4.4 Disease severity rankings for 14 tomato genotypes in 2024-locdtiion evaluation.
Mean disease severity scores across four North Carolina locations. Genotypes with common letters
are not significantly different (Tukey's HSD, P > 0.05).

Genotype Meansn S.E.
NC210051 22.17 61.42A
NC2100810 23.92 61.42AB
NC2100618 26.83 61.42ABC
NC2102219 30.33 6142 BCD
Brandywine Pink 3092 6142 BCD
NC2102323 31.21 61.42 CD
NC096910-5_F11 32.96 61.42 CD
Wisconsin55 33.25 61.42 CD
NC096910-1_F114 33.54 61.42 CD
NC0969118 F11 35 61.42 D

NC0969213 F10  35.29 61.42
NC18139 F4 195 3558 61.42
NC18139 F4 064 36.75 61.42
NC13340_F9 36.75 61.42

Test: Tukey Alpha: = 0.05 LSD =7.04
Means separation was based on LSD. Means with common letters are not significantly different
(p >0.05)

O U O O

Brandywine Pink, used as a susceptible control, showed intermediate resistance (30.92 + 2.53),
while Wisconsin55 performed similarly to several experitakgenotypes (33.25 + 2.53). The

most susceptible genotypes included NC13340_F9 (36.75 + 2.53) and several NC0969 series
genotypes, with disease severity values exceeding 30 (Figure 4.5).



131

Wisconsinss WV

NC21023-23
NC21022-19
NC21008-10
NC21006-18
NC21005-1
NCIZ139 F4 195
NCI8139 F4 064 =
NC13340 F9
NC0969-213_F10
NCO0969-118_F11
NC0969-10-5_F11 —
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Figure4.5 Bar chart comparing disease resistance performance of 14 tomato genotypes across two
evaluation locations in 2024. AUDPC values for Septoria leaf spot resistance at Mills River (blue)
and Waynesville (orange) locations.

Location effects were evident inglbar chart analysis, with Waynesville generally showing higher
disease pressure compared to Mills River for most genotypes. However, the ranking of genotypes
remained consistent across locations, indicating stable resistance across different environmental
conditions and organic production systems.

Multi-Year, Multi-Location Assessment

Ten tomato genotypes were evaluated for Septoria leaf spot resistance across both years (2023 and
2024) at two locations: Mountain Horticultural Crops Research and Extebeiagar (Mills River)

and Mountain Research Station (Waynesville). Disease severity was assessed tsiscae 0

and Area Under Disease Progress Curve (AUDPC) values were calculated for different severity
thresholds.

AUDPC Analysis

For both years, statisal analysis revealed highly significant effects for genotype (F = 108.17, P
< 0.001) and year (F =107.54, P < 0.001), while location effects were not significant (F = 1.80, P
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= 0.184). Significant interactions were observed for Genotype x locatior2(§2=P = 0.006),
Genotype x year (F = 15.15, P < 0.001), and Genotype x location x year (F = 2.83, P = 0.006)
(Table 4.5).

Table 4.5 Analysis of variance for mulyear, multilocation AUDPC data from 10 tceto
genotypes. ANOVA results showing main effects and interactions for genotype, location, and year
on SLS resistance.

Type Il Analysis of Variance

Source of Variance Sum Sg Mean Sq Fvalue Pr(>F)
Genotype 71659 7165.9 108.1705 <2.2el6 ***
Location 119 119 1.7967  0.184005
Year 71245 71245 107.5448 2.46E16 ***
Genotype: Location 1681.9 186.9 2.8209 0.006354 **
Genotype: Year 9035 1003.9 15.1538 6.28E14 ***
Location: Year 16.3 16.3 0.246 0.621336
Genotype:Location: Year 1687 187.4 2.8296 0.006214 **

Significance codes: *** P < 0.001, * P <0.01, * P < 0.05.

Genotype Performance Rankings

Based on AUDPC analysis, genotypes exhibited considerable variation in disease resistance
performance. The most resistant genotypes included NC2LAB&DPC: 19.8322.17) and
NC2100810 (AUDPC: 23.9227.42), while Brandywine Pink showed intermediate tesise

with locationdependent performance (AUDPC: 24.38.83) (Figure 4.6). The most susceptible
genotypes, NC18139 F4 195 and NC13340_F9, recorded AUDPC values exceeding 38 at both
locations, indicating consistently poor resistance a@ngsonmens.
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Figure4.6 Area Under Disease Progress Curve (AUDPC) comparison for 10 tomato genotypes
across two locations in combined 262324 analysis. The combined analysis of data from both
2023 and 2024 evaluatis demonstrates consistent genotype rankings across years and locations.
NC210051 exhibits the lowest AUDPC values at both locations, confirming its superior
resistance, while NC18139 F4 195 shows the highest values, indicating greater susceptibility.

Total Harvest Analysis (2024)

Analysis of total harvest data for 2024 revealed significant effects of genotype (F = 2.56, P = 0.02)
and genotype x location interaction (F = 2.49, P = 0.02) and location (F = 2.59, P = 0.18), with a
nonsignificant effect (Tale 4.6).

Table4.6 Type Il analysis of variance for total harvest data from 10 tomato genotypes evaluated
across multiple locations in 2024. Analysis of yield performance showing significant effects of
genotype, location, and their interaction on total harvest.

Source of \ariance  Sum Sq  df Mean Sq Fvalue Pr(>F)
Genotype 42458 9 47.175 2.5604 0.02176 *
Location 47.77 1 47.77 2.5927 0.18264
Genotype x Locatior413.9 9 45989  2.496 0.02481 *

Significance codes: *** P < 0.001, ** P < 0.01, * P < 0.05.
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The mostresistant genotype, NC210Q5 demonstrated consistent performance at both locations
with the mean total harvest (15.05) (Figure 4.7). This finding indicates that disease resistance
translated into improved yield performance under field conditions. Thie-year, multilocation
evaluation demonstrated consistent genotypic differences in Septoria leaf spot resistance, with
NC210051 emerging as the most promising resistant line for both disease management and yield
potential. The stability of resistance kamgs across different environments and years supports the
reliability of these resistance evaluations for breeding program applications.
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Figure4.7 Bar graph showing total harvest yield per replicate for ten tomato genotypes evaluated
at two locations: Mills River (MR, blue bars) and Waynesville (WV, orange bars). Gray bars
represent the average yield (Means) across both locations. Genotypic pec®rrearies
significantly across environments.

Discussion

The evaluation of large germplasm collections with adequate replication across multiple locations
is inherently resouremtensive and labedemanding for breeding programs (Bari et al., 2023).
This study demonstrates that genotypes selected for Septoria leaf spot resistance through seedling
screening assays exhibit consistent performance rankings under field conditions, validating the
predictive value of controlled environment evaluations.

Seedling sreening offers a highly efficient alternative for evaluating extensive genotype
collections within confined spaces, dramatically reducing resource requirements and labor costs
compared to fieldbased selection. The ability to replicate seedling screembuts under field
conditions provides breeders with a powerful tool for preliminary genotype evaluation and
selection prioritization.
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The results provide compelling validation for implementing seedling screening assays as an
effective initial selectiondol for Septoria resistance breeding programs. The highly significant
genetic variation observed in subsequent field evaluations (P < 0.001) confirms that seedling
screening successfully identified genotypes with differential resistance levels acrosstélde t
germplasm. The substantial Zald difference in disease severity between the most resistant and
susceptible genotypes demonstrates that seedling selection effectively captured the genetic
diversity present within the evaluated collection, enabgffficient identification of superior
resistance sources for breeding program advancement.

The consistent superior performance of key resistant genotypes (NC2IRC2Grape, 21008

10) across both evaluation environments further validates the robustndks etreening
methodology and reinforces confidence in the selection protocol. These genotypes constitute
immediately available genetic assets for breeding initiatives focused on developing Septoria
resistant cultivars for commercial deployment.

The signficant location effects observed between Mills River and Waynesville underscore the
critical role of environmental conditions in Septoria development and genotype evaluation. The
9.5% increase in disease severity at the higher elevation Waynesville Ho&ditios with
established knowledge of pathogen biology, where cooler temperatures and higher humidity create
more favorable conditions f&@eptoria lycopersidiFerrandino & Elmer, 1992; Pandey et al.,
2024; Panthee et al., 2024; Panthee & Chen, 20hi5.environmental gradient provided an ideal
testing framework for identifying genotypes with broad versus narrow environmental adaptation.

Similarly, the significant genotype x location interactions (P < 0.001) revealed that while most
resistant genotygemaintained stable performance rankings, some exhibited envirespesitic
responses. This finding emphasizes the importance of-lonaitfion testing in breeding programs,

as genotypes selected based on silgglation performance may fail to deliveorsistent
resistance across diverse production environments. The consistency of NQZ180Herior
performance across all tested environments particularly highlights its value for broad deployment
in organic tomato production systems.

The disease progrescurve analysis provided crucial insights into the temporal dynamics of
resistance, revealing that effective resistance encompasses both quantitative (reduced maximum
disease levels) and temporal (delayed disease progression) components. Resistargsgenotyp
required significantly longer periods to reach critical disease thresholds, suggesting that breeding
for Septoria resistance should consider both the rate of disease development and final disease
severity. This dual nature of resistance is particulaglipable for organic production systems
where disease management relies primarily on genetic resistance rather than chemical control
(Benbrook et al., 2021).

The observation that resistant genotypes maintained lower disease levels throughout the evaluation
period, even under standardized inoculation pressure, indicates the presence of active resistance
mechanisms rather than simple disease escape. This finding supports the development of varieties
specifically targeted for organic production, where consisdlesease suppression is essential for
economic viability.
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The combined analysis of 2023 and 2024 data demonstrated remarkable stability in genotype
rankings across years, with highly significant genotype effects ( P < 0.001) bstgmificant

location effects when analyzed across multiple years. This stability suggests that the identified
resistant genotypes possess durable resistance mechanisms that remain effective across varying
environmental conditions and pathogen pressure levels.

The significant gnotype x year interactions (P < 0.001) highlight the importance of-yalti
evaluation in breeding programs. While overall rankings remained consistent, the magnitude of
resistance differences varied between years, likely reflecting annual variatiemgironmental
conditions and pathogen virulence. This finding reinforces the need for comprehensiwgearulti
testing before variety release recommendations.

The results provide clear direction for breeding program priorities and methodologies. The
validation of seedling screening as a reliable predictor of field performance enables rapid
evaluation of large germplasm collections, significantly improving breeding efficiency. The
identification of specific resistant genotypes provides immediate parentafiadsfor crossing
programs targeting Septoria resistance.

The multilocation, multiyear stability data support the recommendatiorNGR210051 as a
priority genotype for variety development programs. Its consistent superior performance across all
teded environments, combined with excellent yield potential, makes it an ideal candidate for
advancement through variety development pipelines targeting organic production systems.

Conclusions

This comprehensive twgear, multilocation evaluation succesdfulalidated the effectiveness

of seedling screening for identifying tomato genotypes with durable field resistance to Septoria
leaf spot.The study identified NC21005 as an exceptionally resistant genotype with consistent
superior performance acrosk &@sted environments and evaluation years, demonstrating both
guantitative and temporal resistance components that translate into improved yield performance
under organic production conditions. The significant genetic variation observed among evaluated
genotypes (24old difference between resistant and susceptible genotypes) provides valuable
breeding resources for resistance improvement programs. The stability of resistance rankings
across diverse environments and years supports the reliability of-lomaltion evaluation
approaches for identifying genotypes suitable for broad deployment in organic production systems.
Key findings include: validation of seedling screening as an effective predictor of field resistance,
identification of genotypes withable resistance across environments and years, demonstration of
positive correlation between disease resistance and yield performance, and confirmation of the
guantitative nature of Septoria resistance with both temporal and quantitative components. The
results provide immediate applications for breeding programs targeting organic tomato production,
with NC210051 representing a priority genotype for variety development. The demonstrated
effectiveness of genetic resistance in reducing disease severitg wialntaining yield
performance offers organic producers a sustainable approach to SLS management in the absence
of synthetic fungicide options. Future research should focus on characterization of resistance
mechanisms in identified genotypes, evaluatibadulitional organic production environments to
validate broad adaptation, assessment of resistance durability under prolonged cultivation, and



137

development of molecular markers to facilitate breeding program efficiency. This research
contributes significathy to sustainable agriculture by providing validated genetic resources and
evaluation methodologies for developing SieSistant tomato varieties specifically adapted to
organic production systems in the southeastern United States.
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5. APPENDICES
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Supplementary Table 1 List of geneswithin £100 kb of 11 significant SNPs with defense related functions.
Segnames start end strand ID SNP_chr SNP_pos Description

SL4.0ch01 4239004 4245814 -

SL4.0ch01 4305974 4310292 +

SL4.0ch01 4320669 4322233 -
SL4.0ch01 4382978 4389502 +

SL4.0ch01 4395991 4398006 -

SL4.0ch01 4417890 4422126 -

SL4.0ch01 4426575 4428717 +

SL4.0ch01 4438087 4438479 +

SL4.0ch02 38301268 38304040 +

SL4.0ch02 38306357 38311791 +

SL4.0ch02 38312708 38317631 +

SL4.0ch02 38317982 38321040 +
SL4.0ch02 38322207 38323712 +

SL4.0ch02 38332277 38333503 -

Hydroxyprolinerich glycoprotein family protein
(AHRD V3.3 *** AOA1P8AYF9_ARATH)

Nucleotide/sugatransporter family protein (AHRD
V3.3 ** AOA2U1INJJ9_ARTAN)

Transcription factor GRAS (AHRD V3.3*
AOA2U1QPGO_ARTAN)

Solyc01g009850.4 SL4.0ch01 4345059 hypothetical protein (AHRD V3.3-* AT1G27435.1)

NAC domaincontaining protein (AHRD V3.3 ***
AOA2K3LZ45_TRIPR)

Glycerophosphodiester phosphodiesterase (AHRD
V3.3 ** B6T3E4_MAIZE)

Exocyst subunit Exo70 family protein (AHRD V3.3
*** AOA1S6GXB5_TOBAC)

Glutaredoxin (AHRD V3.3 ***
AO0A2G9G4Q3_9LAMI)

DUF642 domaircontaining protein (AHRD V3.3 ***
AOA1Q3DKA7_CEPFO)

La-related protein 6A (AHRD V3.3 ***
AOA2G2XDP4_CAPBA)

PhospheN-acetylmuramoypentapeptideéransferase
like protein (AHRD V3.3 ** AOA2G2XE40_CAPBA

40S ribosomal protein S14 (AHRD V3.3 ***
AOA2G2YPH6_CAPAN)

Solyc02g070580.1 SL4.0ch02 38403479 sterol 22desaturase

F-box protein (AHRD V3.3 ***
AOA2K3P6V3_TRIPR)

Solyc01g009820.4 SL4.0ch01 4345059
Solyc01g009830.3 SL4.0ch01 4345059

Solyc01g009840.3 SL4.0ch01 4345059

Solyc019g009860.3 SL4.0ch01 4345059
Solyc01g009870.3 SL4.0ch01 4345059
Solyc019g009880.2 SL4.0ch01 4345059
Solyc01g009890.1 SL4.0ch01 4345059
Solyc02g070540.3 SL4.0ch02 38403479
Solyc02g070550.3 SL4.0ch02 38403479
Solyc02g070560.3 SL4.0ch02 38403479

Solyc02g070570.4 SL4.0ch02 38403479

Solyc02g070600.3 SL4.0ch02 38403479



Supplementary Table 1(Continued)

SL4.0ch02 38333897 38335248 -

SL4.0ch02 38337669 38339464 +

SL4.0ch02 38340025 38344108 +

SL4.0ch02 38345490 38347561 +

SL4.0ch02 38348383 38350763 +

SL4.0ch02 38350933 38355748 +

SL4.0ch02 38358697 38362473 +

SL4.0ch02 38364848 38368488 +

SL4.0ch02 38368895 38369494 +

SL4.0ch02 38373288 38374593 +

SL4.0ch02 38378012 38379165 -

SL4.0ch02 38379169 38381013 -

SL4.0ch02 38382161 38383684 +
SL4.0ch02 38386992 38388251 +

SL4.0ch02 38388392 38389583 -

SL4.0ch02 38390266 38392063 -
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GDSL esterasel/lipase (AHRD V3.3 ***
AOA1J3J8D5_NOCCA)

F-box domain (AHRD V3.3 ***
AOA200PSQ4_9MAGN)

60S ribosomal protein L18&e protein (AHRD V3.3
*** AOA214HA23_9ROSI)

60S ribosomal protein L18a (AHRD V3.3 ***
AOA2G2WKJ7_CAPBA)

60S ribosomal protein L18a (AHRD V3.3 ***
AOA2G2WKJ7_CAPBA)

Cytochrome b561 domaicontaining protein (AHRD
V3.3 *** AOA1J3IXU1l_NOCCA)

Urease accessory protein Urdilee (AHRD V3.3 ***
AOA2K3MUDO_TRIPR)

Cytochrom_B561 domainontaining protein (AHRD
V3.3 ** AOA1Q3BEM3_CEPFO)

Calciumdependent lipiebinding (CaLB domain)
family protein (AHRDV3.3 *-* 022783 _ARATH)

Solyc02g070700.3 SL4.0ch02 38403479 WRC (AHRD V3.3 *** AOA200QU19_9MAGN)

LOW QUALITY PROTEIN: uncharacterized proteir
Solyc02g070705.1 SL4.0ch02 38403479 At2g34460 chloroplastic (AHRD V3.3-*
XP_021294069.1)

Pentatricopeptide repeat (AHRD V3.3 ***
AD0A200Q363_9MAGN)

Solyc02g070720.1 SL4.0ch02 38403479 Unknown protein
Solyc02g070740.1 SL4.0ch02 38403479 Unknown protein

Disease resistance protein (AHRD V3:3 *
AOA200Q3R7_9MAGN)

Solyc02g070755.1 SL4.0ch02 38403479 Unknown protein

Solyc02g070610.3 SL4.0ch02 38403479
Solyc029070620.4 SL4.0ch02 38403479
Solyc029070630.3 SL4.0ch02 38403479
Solyc02g070640.3 SL4.0ch02 38403479
Solyc02g070650.2 SL4.0ch02 38403479
Solyc029070660.3 SL4.0ch02 38403479
Solyc02g070670.4 SL4.0ch02 38403479
Solyc02g070680.4 SL4.0ch02 38403479

Solyc029070690.1 SL4.0ch02 38403479

Solyc02g070710.3 SL4.0ch02 38403479

Solyc02g070750.1 SL4.0ch02 38403479



Supplementary Table 1(Continued)
SL4.0ch02 38392386 38396236 -

SL4.0ch02 38396620 38400226 -
SL4.0ch02 38401366 38407894 -
SL4.0ch02 38410333 38414471 -
SL4.0ch02 38418629 38421305 -
SL4.0ch02 38421795 38430187 -
SL4.0ch02 38437420 38437743 -
SL4.0ch02 38441818 38443080 +
SL4.0ch02 38449914 38452611 +
SL4.0ch02 38468610 38482680 +
SL4.0ch02 38485020 38486040 -

SL4.0ch02 38492300 38494917 +

SL4.0ch02 38494924 38495664 +
SL4.0ch02 38502548 38506921 +

SL4.0ch04 2789800 2792741 +

SL4.0ch04 2796537 2801260 +
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NAD(P)-binding Rossmantiold superfamily protein
(AHRD V3.3 *** AOA2ULNQA9_ARTAN)

NAD(P)-binding Rossmantiold superfamily protein
(AHRD V3.3 *** AOA2ULNQA9_ARTAN)

DNA helicase (AHRD V3.3 ***
AOA2G2XDX1_CAPBA)

3-oxoacylacyl-carrierprotein] synthase (AHRD V3.
*** AOA2I4EJY8_9ROSI)

DUF561 domaircontaining protein (AHRD V3.3 ***
AOA1Q3DH97_CEPFO)

Nuclear pore complex protein (AHRD V3.3 ***
AO0A2G3D4U4_CAPCH)

Avr9/Cf-9 rapidly elicited protein 180 (AHRD V3.3
*** Q9FQZ1_TOBAC)

F-box protein SKIP23ike (AHRD V3.3 ***
AOA2I4GFL5_9ROSI)

F-box/kelchrepeat protein At3g2388iike (AHRD
V3.3 *-* XP_025884893.1)

tobamovirus multiplication protein-ike (AHRD V3.3
*** AOA214EJZ3_9ROSI)

mitochondrial innemembrane protease subunilike
(AHRD V3.3 *** AOA2I14HRQ8_9ROSI)

BnaA07g07520D protein (AHRD V3.3*
AOA078HZ87_BRANA)

Solyc02g070880.1 SL4.0ch02 38403479 Helix-loop-helix DNA-binding
Solyc02g070890.3 SL4.0ch02 38403479 Flagellin Sensing 2

Solyc02g070760.4 SL4.0ch02 38403479
Solyc02g070770.3 SL4.0ch02 38403479
Solyc02g070780.4 SL4.0ch02 38403479
Solyc029g070790.3 SL4.0ch02 38403479
Solyc02g070800.2 SL4.0ch02 38403479
Solyc02g070810.4 SL4.0ch02 38403479
Solyc02g070820.1 SL4.0ch02 38403479
Solyc02g070830.1 SL4.0ch02 38403479
Solyc02g070850.1 SL4.0ch02 38403479
Solyc029070860.4 SL4.0ch02 38403479
Solyc02g070870.4 SL4.0ch02 38403479

Solyc02g070875.1 SL4.0ch02 38403479

transmembrane protein (AHRD V3.3*
AT5G08240.1)

ATP-dependent Clp protease proteolytic subunit
(AHRD V3.3 *** AOA2G2X9Z7_CAPBA)

Solyc04g009305.1 SL4.0ch04 2883395

Solyc049g009310.4 SL4.0ch04 2883395
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SL4.0ch04 2802696

SL4.0ch04 2808634

SL4.0ch04 2812307

SL4.0ch04 2822115

SL4.0ch04 2829768
SL4.0ch04 2836518

SL4.0ch04 2843511

SL4.0ch04 2858025

SL4.0ch04 2865493

SL4.0ch04 2871101

SL4.0ch04 2876348

SL4.0ch04 2879370
SL4.0ch04 2892319

SL4.0ch04 2895637

SL4.0ch04 2902204

SL4.0ch04 2910133

2807830

2811878

2821473

2829001

2835486

2842400

2851370

2859595

2869698

2876000

2878614

2887178

2894296

2897436

2904996

2911285

+

Solyc049g009320.3 SL4.0ch04 2883395
Solyc04g009330.4 SL4.0ch04 2883395
Solyc04g009340.3 SL4.0ch04 2883395
Solyc04g009350.3 SL4.0ch04 2883395

Solyc04g009360.3 SL4.0ch04 2883395
Solyc04g009370.4 SL4.0ch04 2883395

Solyc04g009380.3 SL4.0ch04 2883395
Solyc04g009390.2 SL4.0ch04 2883395
Solyc04g009400.4 SL4.0ch04 2883395
Solyc049009410.3 SL4.0ch04 2883395
Solyc049g009420.3 SL4.0ch04 2883395

Solyc04g009430.3 SL4.0ch04 2883395
Solyc04g009440.3 SL4.0ch04 2883395

Solyc04g009450.1 SL4.0ch04 2883395

Solyc04g009453.1 SL4.0ch04 2883395

Solyc04g009457.1 SL4.0ch04 2883395
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hsp70 nucleotide exchange factor FESHRD V3.3
*** AOA2I4FCD8_9ROSI)

Serine/threoning@rotein kinase Auror@ (AHRD V3.3
*** AOA2G2ZF68_CAPAN)

RING/U-box superfamily protein (AHRD V3.3 ***
Q8GWB1_ARATH)

Histidinol-phosphate aminotransferase (AHRD V3..
*** B6TRS1_MAIZE)

Transducin/WDA40 repedike superfamily protein
(AHRD V3.3 *** AOA2U1KCL2_ARTAN)

hypothetical protein (AHRD V3.3 *** AT3G19900.1

S-acyltransferase (AHRD V3.3 ***
AOA2G3CEE4_CAPCH)

RING/FYVE/PHD zinc finger superfamily protein
(AHRD V3.3 ** B3H578_ARATH)

RING/FYVE/PHD zinc finger superfamily protein
(AHRD V3.3 ** B3H578_ARATH)

Proteasome subunit beta (AHRD V3.3 ***
A0A2G2ZG08_CAPAN)

PsbP domakutontaining protein (AHRD V3.3 ***
AOA1Q3CAL9_CEPFO)

NAD-dependent protein deacylase (AHRD V3.3 **’
AOA1UBGM55_CAPAN)

NAC domain protein AY498713

Ethyleneresponsive transcription factor (AHRD V3.
*** AOA2G3CENO_CAPCH)

Mediator of RNA polymerase Il transcription subun
15a (AHRD V3.3 ** AOA2G2ZG46_CAPAN)

Unknown protein
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SL4.0ch04 2911301

SL4.0ch04 2917239

SL4.0ch04 2945058

SL4.0ch04 2951556

SL4.ch04 2965877

SL4.0ch04 2975012
SL4.0ch04 2979251

SL4.0ch04 2979674

2915165

2918108

2946272

2963384

2974201

2978062

2979585

2984908

+

+

SL4.0ch04 28559098 28559358 +
SL4.0ch04 28579054 28579239 -
SL4.0ch04 28585990 28586196 -

SL4.0ch04 28592324 28592608 +

SL4.0ch04 28666284 28677287 -

SL4.0ch05 12418

SL4.0ch05 18812
SL4.0ch05 25941

SL4.0ch05 47482

14381

24925
27917

51396

Solyc04g009470.4 SL4.0ch04 2883395

Solyc04g009480.1 SL4.0ch04 2883395
Solyc04g009490.1 SL4.0ch04 2883395
Solyc04g009500.4 SL4.0ch04 2883395
Solyc04g009510.4 SL4.0ch04 2883395

Solyc04g009520.3 SL4.0ch04 2883395
Solyc04g009525.1 SL4.0ch04 2883395

Solyc049009530.4 SL4.0ch04 2883395
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Unknown protein

mediator of RNA polymerase Il transcription subun
15a isoform X2 (AHRD V3.3-* XP_004236822.1)

Mediator of RNA polymerase Il transcription subun
15a (AHRD V3.3 ** AOA2G22G46_CAPAN)

Mediator of RNA polymerase Il transcription subun
15a (AHRD V3.3 ** AOA2G2X9T9_CAPBA)

RNA binding (RRM/RBD/RNP motifs) family proteil
(AHRD V3.3 ** QOM1E4_ARATH)

Nuclear transcription factor Y subunit B (AHRD V3,
*-* AOA2G2X323_CAPBA)

Unknown protein

Glutathione Sransferase (AHRD V3.3 ***
AOA200QHH9_9MAGN)

Solyc04g024750.1 SL4.0ch04 28635042 Unknown protein
Solyc04g024740.1 SL4.0ch04 28635042 Unknown protein
Solyc04g024730.1 SL4.0ch04 28635042 Unknown protein

Solyc049024720.1 SL4.0ch04 28635042

Solyc049024710.4 SL4.0ch04 28635042

Solyc05g004000.1 SL4.0ch05 36613

Solyc05g004003.1 SL4.0ch05 36613
Solyc05g004007.1 SL4.0ch05 36613

Solyc05g005000.4 SL4.0ch05 36613

Xyloglucan galactosyltransferase KATAMARI1
(AHRD V3.3 ** AOA2K3NCT4_TRIPR)

Cysteine proteinases superfamily protein (AHRD V
*** AOA2UINKP1_ARTAN)

B3 domaincontaining protein (AHRD V3.3 ***
AOA2G3DABO_CAPCH)

Unknown protein
Unknown protein

Alpha/betaHydrolases superfamily protein (AHRD
V3.3 *-* F415X3_ARATH)
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SL4.0ch05 61774
SL4.0ch05 78345

SL4.0ch05 97734

SL4.0ch05 104181

SL4.0ch05 111969

SL4.0ch05 114104

SL4.0ch05 121051

SL4.0ch05 127418

SL4.0ch05 133205
SL4.0ch06 2524956

SL4.0ch06 2529965

SL4.0ch06 2536058

SL4.0ch06 2538345

SL4.0ch06 2546938

SL4.0ch06 2558045

SL4.0ch06 2577060

64725

96940

99026

108180

113949

115644

124852

130434

139997
2527345

2531947

2536701

2539681

2547556

2558786

2591951

Solyc059g005010.3 SL4.0ch05 36613
Solyc05g005020.4 SL4.0ch05 36613

Solyc05g005030.4 SL4.0ch05 36613
Solyc05g005040.4 SL4.0ch05 36613
Solyc05g005050.3 SL4.0ch05 36613
Solyc05g005060.3 SL4.0ch05 36613
Solyc05g005070.2 SL4.0ch05 36613

Solyc05g005080.3 SL4.0ch05 36613

Solyc05g005090.4 SL4.0ch05 36613
Solyc069008610.3 SL4.0ch06 2623853

Solyc069008620.1 SL4.0ch06 2623853
Solyc069008625.1 SL4.0ch06 2623853
Solyc069008640.2 SL4.0ch06 2623853
Solyc069008650.4 SL4.0ch06 2623853

Solyc069008660.3 SL4.0ch06 2623853

Solyc069150102.1 SL4.0ch06 2623853
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NEP-interactingprotein, putative (DUF239) (AHRD
V3.3 *** F415H4_ARATH)

Alpha-Glucan Water Dikinase

Plant invertase/pectin methylesterase inhibitor
superfamily protein (AHRD V3.3** AT1G23350.1)

Pectin lyasdike superfamily protein (AHRD V3.3 **’
Q38958 ARATH)

Cysteinerich receptoflike protein kinase 3 (AHRD
V3.3 ** AOA2G2VMV7_CAPBA)

Cysteinerich receptoilike protein kinase 3 (AHRD
V3.3 ** AOA2G2YEZ6_CAPAN)

Cysteinerich receptoilike protein kinase 2 (AHRD
V3.3 *** AOALUSEWZ9_CAPAN)

Endoglucanase (AHRD V3.3 ***
AO0A2G2V2B4_CAPBA)

LEU76408 knotted 3

WRKY transcription factor 21

TolB proteinrelated protein (AHRD V3.3 ***
AOA2U1LVX5_ ARTAN)

Major pollen allergen Ole e 6 (AHRD V3.3 ***
AOA2G3C3U1_CAPCH)

Major pollen allergen Ole e 6 (AHRD V3.3 ***
AOA2G3C3U1_CAPCH)

Major pollen allergen Ole e 6 (AHRD V3.3 ***
AOA2G276T6_CAPAN)

major pollen allergen Ole eltke (AHRD V3.3 -**
XP_019069903.1)

Unknown protein
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SL4.0ch06 2592816

SL4.0ch06 2608070

SL4.0ch06 2614606

SL4.0ch06 2616769
SL4.0ch06 2622815

SL4.0ch06 2637036

SL4.0ch06 2650871
SL4.0ch06 2669727
SL4.0ch06 2676344
SL4.0ch06 2687109

SL4.0ch06 2708416

SL4.0ch06 2713613

2593452

2609136

2615643

2622339

2629414

2646393

2659358

2673678

2676652

2687414

2710741

2716577

SL4.0ch06 31090674 31098040 +

SL4.0ch06 31098376 31100203 -

SL4.0ch06 31109428 31109637 +

SL4.0ch06 31117166 31118194 +

Solyc06g008667.1 SL4.0ch06 2623853
Solyc069008680.3 SL4.0ch06 2623853
Solyc069008690.1 SL4.0ch06 2623853

Solyc06g008700.3 SL4.0ch06 2623853
Solyc06g008710.3 SL4.0ch06 2623853

Solyc069008720.4 SL4.0ch06 2623853

Solyc06g008730.3 SL4.0ch06 2623853
Solyc069008740.3 SL4.0ch06 2623853
Solyc06g008750.1 SL4.0ch06 2623853
Solyc069008760.1 SL4.0ch06 2623853

Solyc06g008765.1 SL4.0ch06 2623853
Solyc069008780.3 SL4.0ch06 2623853
Solyc069050620.3 SL4.0ch06 31163628
Solyc069050630.3 SL4.0ch06 31163628
Solyc069050640.1 SL4.0ch06 31163628

Solyc069150116.1 SL4.0ch06 31163628
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Major pollen allergen Ole e 6 (AHRD V3.3 ***
AOA2G3C3U1_CAPCH)

Major pollen allergen Ole e 6 (AHRD V3.3 ***
AOA2G3C3U1_CAPCH)

F-box/kelchrepeat protein SKIP30 (AHRD V3.3 ***
AOA2G2WH54_CAPBA)

tRNA (guanineN(7)-)-methyltransferase necatalytic
subunit (AHRD V3.3 *** AOA2G2WH19_CAPBA)

Cullin 1 (AHRD V3.3 *** X5I3P5_PETHY)

Zinc finger, CWtype (AHRD V3.3 **
AOA2U1Q0I4_ARTAN)

Peroxisome biogenesis protein 6 (AHRD V3.3 ***
AOA2G3C3V9_CAPCH)

Zinc finger transcription factor 40

Glutaredoxin (AHRD V3.3 ***
AOA2G9H0Z3_9LAMI)

Glutaredoxin (AHRD V3.3 *** B3F8F2_SOLTU)

Rootknot nematode resistance protein (AHRD V3.
*081137_SOLLC)

Protein TRANSPORTNHIBITOR RESPONSE 1
(AHRD V3.3 *** AOA2G3AS90_CAPCH)

DUF399 family protein, putative (DUF399 and
DUF3411) (AHRD V3.3 *** AOA1P8B2W9_ARATH

Arogenate dehydrogenase 1, chloroplastic (AHRD
V3.3 ** AOA2G3C5J6_CAPCH)

Nascent polypeptidassociated complex subunit bet
(AHRD V3.3 *-* AOA2G3DD77_CAPCH)

protein MAIN-LIKE 2-like (AHRD V3.3 *-*
XP_025887776.1)



Supplementary Table 1(Continued)
SL4.0ch06 31192243 31195195 -

SL4.0ch06 31203587 31204871 -
SL4.0ch06 31221548 31223491 +
SL4.0ch06 31234746 31236803 -
SL4.0ch06 31257457 31258190 +

SL4.0ch07 62177272 62189142 -

SL4.0ch07 62192821 62201406 +

SL4.0ch07 62201106 62209282 -

SL4.0ch07 62213038 62214457 +
SL4.0ch07 62221613 62226273 +
SL4.0ch07 62228763 62230116 -
SL4.0ch07 62239118 62246382 -
SL4.0ch07 62257412 62261472 -
SL4.0ch07 62270149 62270664 -

SL4.0ch07 62273150 62273584 -
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Cation H(+) antiporter 1tke protein(AHRD V3.3
*** AOA2KSMRR1_TRIPR)

Heavy metal transport/detoxification superfamily
protein (AHRD V3.3 *** AOA2U1LN48_ ARTAN)

staphylococcalike nuclease CAN2 (AHRD V3.3 ***
AOA2I4EQZ2_9ROSI)

Sell repeat protein (AHRD V3.3*
F4ISY9_ARATH)

Peptidytprolyl cistrans isomerase PASTICCINO1
(AHRD V3.3 *-* AOA2G2VE40_CAPBA)

RING/U-box superfamily protein (AHRD V3.3 ***
AOA2U1L742_ARTAN)

RNA polymerase Il subunit-Bhediating protein
Solyc07g053860.3 SL4.0ch07 62288658 homolog isoform X2 (AHRD V3.3 *
AOA2I4FJS5_9ROSI)

Solyc079053870.4 SL4.0ch07 62288658 Switch 2 (AHRD V3.3 *** AOA1U8HBI7_CAPAN)

Early nodulinlike protein 2like (AHRD V3.3 *-*
AOA2K3PIH1_TRIPR)

O-acyltransferase WSDIlke protein (AHRD V3.3 ***
AOA2K3N315 TRIPR)

DUF506 domaircontaining protein (AHRD V3.3 ***
AOA1Q3CKJO_CEPFO)

Protein kinase domain (AHRD V3.3 ***
AO0A200QBC6_9MAGN)

Mannan endd.,4-betamannosidase (AHRD V3.3 **’
AOA2K3MXH2_TRIPR)

Pyrroline5-carboxylate reductagdHRD V3.3 ***
Q9SY38_ARATH)

Transmembrane protein (AHRD V3.3 ***
AOA1P8APIO_ARATH)

Solyc069g050690.3 SL4.0ch06 31163628
Solyc069050710.4 SL4.0ch06 31163628
Solyc069050720.3 SL4.0ch06 31163628
Solyc069050730.4 SL4.0ch06 31163628
Solyc069050740.1 SL4.0ch06 31163628

Solyc07g053850.3 SL4.0ch07 62288658

Solyc079053880.3 SL4.0ch07 62288658
Solyc079053890.3 SL4.0ch07 62288658
Solyc079053900.2 SL4.0ch07 62288658
Solyc079053910.3 SL4.0ch07 62288658
Solyc079053920.3 SL4.0ch07 62288658
Solyc079053930.1 SL4.0ch07 62288658

Solyc079053940.1 SL4.0ch07 62288658



Supplementary Table 1(Continued)
SL4.0chQ7 62274249 62274791 -

SL4.0ch07 62280997 62284803 +
SL4.0ch07 62285239 62306297 -
SL4.0ch07 62309298 62318227 -

SL4.0ch07 62325335 62329278 -

SL4.0ch07 62360799 62363950 -
SL4.0ch07 62364024 62364318 -
SL4.0ch07 62364381 62364936 -
SL4.0ch07 62365074 62365685 -
SL4.0ch07 62365797 62366051 -
SL4.0ch07 62369366 62369506 -
SL4.0ch07 62377476 62380006 +

SL4.0ch07 62379257 62386691 -
SL4.0ch07 65450632 65454267 -
SL4.0ch07 65462915 65466046 +
SL4.0ch07 65466304 65469549 +

SL4.0ch07 65472735 65473121 +
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microtubuleassociated protein (AHRD V3.3 ***
AT4G28310.1)

Ubiquitin-conjugating enzyme (AHRD V3.3 ***
AOA200QWS6_9MAGN)

Two pore calcium channel protein 1 (AHRD V3.3 *
AOA1UBHHX4_CAPAN)

Callose synthase 12 (AHRD V3.3 ***
AOA1UBHBES_CAPAN)

DUF1421 domaircontaining protein (AHRD V3.3 **
AOA1Q3BQX3_CEPFO)

Solyc07g054000.3 SL4.0ch07 62288658 Unknown protein
Solyc07g054010.2 SL4.0ch07 62288658 Unknown protein
Solyc07g054020.2 SL4.0ch07 62288658 Unknown protein
Solyc07g054030.1 SL4.0ch07 62288658 Unknown protein
Solyc07g054040.3 SL4.0ch07 62288658 Unknown protein
Solyc07g054050.3 SL4.0ch07 62288658 Unknown protein

Solyc07g054060.3 SL4.0ch07 62288658 hypothetical protein (AHRD V3.3* AT4G28290.2)

DTW domaincontaining protein (AHRD V3.3 ***
AOA2U1IN2D0_ARTAN)

Phytosulfokine receptor 2 (AHRD V3.3 ***
AOA2G3C1N9_CAPCH)

3-hydroxybutyrytCoA dehydrogenase (AHRD V3.3
*** AOA2G2WF04_CAPBA)

Early nodulinlike protein 2 (AHRD V3.3 ***
AOA2G2WEZ9_CAPBA)

Rapid ALkalinization Factor (AHRD V3.3 ***
AOA200QWR5_9MAGN)

Solyc07g053950.1 SL4.0ch07 62288658
Solyc079053960.3 SL4.0ch07 62288658
Solyc079053970.3 SL4.0ch07 62288658
Solyc079053980.3 SL4.0ch07 62288658

Solyc079053990.4 SL4.0ch07 62288658

Solyc079054070.4 SL4.0ch07 62288658
Solyc079g063000.4 SL4.0ch07 65548912
Solyc079g063010.3 SL4.0ch07 65548912
Solyc079063020.3 SL4.0ch07 65548912

Solyc079063030.3 SL4.0ch07 65548912
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SL4.0ch07 65475133 65481044 +

SL4.0ch07 65481515 65482348 +

SL4.0ch07 65484084 65487353 +

SL4.0ch07 65491571 65492272 -

SL4.0ch07 65499516 65504305 -

SL4.0ch07 65515390 65519066 +

SL4.0ch07 65519515 65528588 -

SL4.0ch07 65529983 65538378 -

SL4.0ch07 65543722 65544144 +

SL4.0ch07 65545174 65546914 +

SL4.0ch07 65547772 65554104 +

SL4.0ch07 65554388 65558037 +
SL4.0ch07 65558297 65558803 +

SL4.0ch07 65560425 65561199 -

SL4.0ch07 65562504 65565009 +
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Methylthioribulosel-phosphate dehydratase (AHRL
V3.3 *** AOA1Z5KSY2_FISSO)

Transmembrane protein (AHRD V3.3 ***
Q67ZR8_ARATH)

haloacid dehalogenadige hydrolase family protein
(AHRD V3.3 *-* AT5G53850.5)

VQ motif-containing protein 4 (AHRD V3.3 ***
AO0A2G27542_CAPAN)

Dynaminrelated protein 5A (AHRD V3.3 ***
AOA2G3C1N3_CAPCH)

Core2/I-branching betd.,6-N-
Solyc07g063110.4 SL4.0ch07 65548912 acetylglucosaminyltransferase family protein (AHR
V3.3 ** AOA2U1INIM9_ARTAN)

Protein SPAIRELATED 3 (AHRD V3.3 ***
AOA2G2VZ51_CAPBA)

Protein kinase domain (AHRD V3.3 ***
AO0A200QBC6_9MAGN)

GlutamyHRNA(GIn) amidotransferase subunit C,
Solyc07g063140.1 SL4.0ch07 65548912 chloroplastic/mitochondrial (AHRD V3.3 ***
AOA2G3C1L2_CAPCH)

Solyc07g063145.1 SL4.0ch07 65548912 Unknown protein

DUF616 domaircontaining protein (AHRD V3.3-*
AO0A1Q3D7S0_CEPFO)

Cytochrome c oxidase copper chaperone (AHRD \
*** AOA2G27528 CAPAN)

Solyc07g063170.1 SL4.0ch07 65548912 Unknown protein

Dynein light chain (AHRD V3.3 ***
AOA2G2WEX4_CAPBA)

Thioredoxin (AHRDV3.3 ***
AO0A200PQX5_9MAGN)

Solyc07g063040.3 SL4.0ch07 65548912
Solyc07g063050.1 SL4.0ch07 65548912
Solyc079063060.2 SL4.0ch07 65548912
Solyc07g063070.1 SL4.0ch07 65548912

Solyc07g063080.4 SL4.0ch07 65548912

Solyc079063120.4 SL4.0ch07 65548912

Solyc079g063130.4 SL4.0ch07 65548912

Solyc079063150.3 SL4.0ch07 65548912

Solyc079063160.2 SL4.0ch07 65548912

Solyc079063180.3 SL4.0ch07 65548912

Solyc079063190.3 SL4.0ch07 65548912
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SL4.0ch07 65569024 65569740 +
SL4.0ch07 65572767 65574715 +

SL4.0ch07 65575947 65579347 +

SL4.0ch07 65581156 65586843 +

SL4.0ch07 65587145 65596589 -

SL4.0ch07 65600408 65602944 +
SL4.0ch07 65602884 65610543 -

SL4.0ch07 65616412 65622273 -

SL4.0ch07 65623393 65625263 -

SL4.0ch07 65625839 65629940 -

SL4.0ch07 65631230 65635868 +

SL4.0ch07 65636279 65639026 +

SL4.0ch07 65639464 65642757 +

SL4.0ch07 65643800 65649697 -

SL4.0ch09 62669172 62672406 +

SL4.0ch09 62672815 62677941 -
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E3 ubiquitinprotein ligase rmalhlike protein (AHRL
V3.3 *** AOA2K3P2S4_TRIPR)

Solyc079063210.3 SL4.0ch07 65548912 Expansin (AHRD V3.3 *** KACHO04_SOLLC)

Pentatricopeptide repeabntaining protein (AHRD
V3.3 *** AOA2I0WM68_9ASPA)

Choline transportelike protein (AHRD V3.3 ***
AOA1R3ICNO_COCAP)

Silencing defective 5 (AHRD V3.3 ***
AOA2UIN7R2_ARTAN)

HrpN-interacting protein from malus protein (AHRC
V3.3 ¥** AT3G15395.5)

Solyc079063260.4 SL4.0ch07 65548912 MLO-like protein (AHRD V3.3 *** K4CH09_SOLLC

Nucleolar GTPbinding protein 2 (AHRD V3.3 ***
AOAOH5RA30_9EUKA)

Nucleolar GTPbinding protein dike (AHRD V3.3
*** AOA2K3PPYO_TRIPR)

Transcription factor TFIIIC, tau5Eelated protein
(AHRD V3.3 ** AOA2U1Q9K0_ARTAN)

Regulator of chromosome condensation (RCC1) fa
protein (AHRD V3.3** AOA2U1MM62_ARTAN)

LanClike protein GCR2 (AHRD V3.3 ***
AOA2G3C2B6_CAPCH)

LanClike protein GCR2 (AHRD V3.3 ***
AOA2G3C294_CAPCH)

WDA40 repeat (AHRD V3.3 ***
AOA200PQQ6_9IMAGN)

BTB domaincontaining protein/NPH3 domain
Solyc09g074630.3 SL4.0ch09 62772154 containingprotein (AHRD V3.3 ***
AOA1Q3CT76_CEPFO)

Solyc09g074640.3 SL4.0ch09 62772154 Zinc finger transcription factor 54

Solyc07g063200.3 SL4.0ch07 65548912

Solyc079063220.4 SL4.0ch07 65548912
Solyc079063230.3 SL4.0ch07 65548912
Solyc079063240.4 SL4.0ch07 65548912

Solyc079063250.3 SL4.0ch07 65548912

Solyc079063270.3 SL4.0ch07 65548912
Solyc079063280.3 SL4.0ch07 65548912
Solyc079063290.3 SL4.0ch07 65548912
Solyc079063300.3 SL4.0ch07 65548912
Solyc079063310.3 SL4.0ch07 65548912
Solyc079063320.3 SL4.0ch07 65548912

Solyc079063330.4 SL4.0ch07 65548912
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SL4.0ch09 62684784 62691573 +

SL4.0ch09 62692509 62698987 +

SL4.0ch09 62709376 62719653 +

SL4.0ch09 62720163 62721693 +
SL4.0ch09 62721938 62729620 -

SL4.0ch09 62734483 62739970 +

SL4.0ch09 62740494 62740667 +

SL4.0ch09 62745353 62747677 +

SL4.0ch09 62750371 62769548 +

SL4.0ch09 62770894 62773833 +

SL4.0ch09 62776208 62780230 +

SL4.0ch09 62787888 62788304 -

SL4.0ch09 62800568 62801414 +

SL4.0ch09 62806413 62810189 +

SL4.0ch09 62813004 62813795 -

SL4.0ch09 62817971 62822507 -
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Peptidechain release factor 1 (AHRD V3.3 ***
AOA1UBG2X0_CAPAN)

spermatogenesmssociated protein 20 (AHRD V3.3
*** AOA214GIU1_9ROSI)

Zinc finger, CWtype (AHRD V3.3 **
AO0A2U1Q0I4_ARTAN)

Solyc09g074675.1 SL4.0ch09 62772154 Unknown protein

Solyc09g074680.3 SL4.0ch09 62772154 Cullin (AHRD V3.3 ** AOA2U1Q0J3_ARTAN)

Homeobox protein LUMINIDEPENDENS (AHRD
V3.3 ** AOA2G2W002_CAPBA)

Homeobox protein LUMINIDEPENDENS (AHRD
V3.3 ** AOA2G2ZWA4_CAPAN)

Homeobox protein LUMINIDEPENDENS (AHRD
V3.3 ** AOA2G2ZWA4_CAPAN)

Homeobox protein LUMINIDEPENDENS (AHRD
V3.3 ** AOA2G3CTU2_CAPCH)

Cation efflux family protein (AHRD V3.3 *
AOA2U1NZ88_ARTAN)

Metal tolerance protein C1 (AHRW3.3 ***
AOA2G2ZW60_CAPAN)

Nuclear transcription factor Y subunitB(AHRD
V3.3 *** AOA2G2ZW85_CAPAN)

RetrovirusrelatedPol polyprotein from transposon
TNT 1-94 (AHRD V3.3 ** AOA2K3PNF5_TRIPR)

Protein indeterminatdomain 2 (AHRD V3.3 ***
AOA1UBG2Y2_CAPAN)

Retrovirusrelated Pol polyprotein from transposon
TNT 1-94 (AHRD V3.3 ** AOA2K3NZR4_TRIPR)

Potassium transporter (AHRD V3.3 ***
AOA2G2VZV1_CAPBA)

Solyc099074650.3 SL4.0ch09 62772154
Solyc09g074660.3 SL4.0ch09 62772154

Solyc09g074670.4 SL4.0ch09 62772154

Solyc099074690.3 SL4.0ch09 62772154
Solyc09g074700.2 SL4.0ch09 62772154
Solyc099074710.2 SL4.0ch09 62772154
Solyc099074730.3 SL4.0ch09 62772154
Solyc099074740.2 SL4.0ch09 62772154
Solyc09g074750.3 SL4.0ch09 62772154
Solyc099074760.1 SL4.0ch09 62772154
Solyc099150154.1 SL4.0ch09 62772154
Solyc09g074780.3 SL4.0ch09 62772154
Solyc09g074785.1 SL4.0ch09 62772154

Solyc09g074790.3 SL4.0ch09 62772154
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SL4.0ch09 62835326 62840489 -

SL4.0ch09 62861600 62863989 +

SL4.0ch09 62866311 62869561 -

SL4.0ch10 1598483

SL4.0ch10 1603822

SL4.0ch10 1610386
SL4.0ch10 1613517

SL4.0ch10 1620968

SL4.0ch10 1625661

SL4.0ch10 1632605

SL4.0ch10 1638144

SL4.0ch10 1642144

SL4.0ch10 1647136

SL4.0ch10 1653457

SL4.0ch10 1666582

1599124

1609680

1612152
1620349

1625244

1630019

1635327

1640563

1646257

1652859

1660385

1669511

+

Solyc09g074800.2 SL4.0ch09 62772154
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Potassium transporter (AHRD V3.3 ***
AOA2G2VZV1_CAPBA)

Basic helixloop-helix (BHLH) DNA-binding

Solyc09g074805.1 SL4.0ch09 62772154 superfamilyprotein (AHRD V3.3 ***

Solyc09g074820.4 SL4.0ch09 62772154

Solyc10g007310.1 SL4.0ch10 1691268

Solyc10g007320.3 SL4.0ch10 1691268

Solyc10g007330.1 SL4.0ch10 1691268
Solyc10g007340.3 SL4.0ch10 1691268

Solyc10g007350.4 SL4.0ch10 1691268
Solyc10g007360.4 SL4.0ch10 1691268
Solyc10g007370.2 SL4.0ch10 1691268
Solyc10g007380.1 SL4.0ch10 1691268
Solyc10g007390.3 SL4.0ch10 1691268
Solyc10g007400.4 SL4.0ch10 1691268
Solyc10g007410.4 SL4.0ch10 1691268

Solyc10g007420.4 SL4.0ch10 1691268

AOA1P8BCN7_ARATH)

Potassium transporter (AHRD V3.3 ***
AOA2G3CTQ8_CAPCH)

Protein LIGHT-DEPENDENT SHORT
HYPOCOTYLS 10 (AHRD V3.3 ***
AOA2G3BCH5_CAPCH)

Uroporphyrinogen decarboxylase (AHRD V3.3 ***
AOAL1UBEDS3_CAPAN)

peptide:Nglycanase
hypothetical protein (AHRD V3.3-* AT1G78810.3)

Multiprotein bridging factor 1 (AHRD V3.3 ***
S4T643_CAPAN)

Protein DETOXIFICATION (AHRD V3.3 ***
AOA214H3J9_9ROSI)

Protein DETOXIFICATION (AHRD V3.3 ***
AOA1Q3BWY6_CEPFO)

Protein DETOXIFICATION (AHRD V3.3 ***
AOA1Q3BWY6_CEPFO)

Protein transport protein Sec61 subunit alpha (AHF
V3.3 ** AOALIUSED90_CAPAN)

DNA polymerase delta subunit 3 (AHRD V3.3 ***
AOA1J3DS75_NOCCA)

Gammaglutamyl hydrolase (AHRD V3.3 ***
B279Y5_SOLLC)

TPR repeatontaining thioredoxin TTL2 (AHRD V3.
*** AOA2G2VCL7_CAPBA)
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SL4.0ch10 1676794

SL4.0ch10 1684232

SL4.0ch10 1690282

SL4.0ch10 1694351

SL4.0ch10 1701097

SL4.0ch10 1704486

SL4.0ch10 1708925
SL4.0ch10 1713305

SL4.0ch10 1724059

SL4.0ch10 1726942

SL4.0ch10 1731970

SL4.0ch10 1734771
SL4.0ch10 1735239

SL4.0ch10 1753702

1678351

1688352

1693423

1698326

1703609

1707712

1710396
1718998

1726050

1728099

1733450

1735097
1744996

1753974

Solyc10g007430.3 SL4.0ch10 1691268
Solyc10g007440.3 SL4.0ch10 1691268
Solyc10g007450.2 SL4.0ch10 1691268

Solyc10g007460.4 SL4.0ch10 1691268

Solyc10g007470.4 SL4.0ch10 1691268

Solyc10g007480.4 SL4.0ch10 1691268

Solyc10g007490.2 SL4.0ch10 1691268
Solyc10g007500.4 SL4.0ch10 1691268

Solyc10g007510.2 SL4.0ch10 1691268
Solyc10g007520.3 SL4.0ch10 1691268
Solyc10g007530.2 SL4.0ch10 1691268

Solyc10g007540.2 SL4.0ch10 1691268
Solyc10g007550.3 SL4.0ch10 1691268

Solyc10g007560.2 SL4.0ch10 1691268

154

TPR repeatontaining thioredoxif TL1 (AHRD V3.3
*-* AOA2G2Z4X4_CAPAN)

Zinc finger protein (AHRD V3.3 *
AOA200PU12_9MAGN)

Protein trichome birefringendike 42 (AHRD V3.3
*** AOA2G2VRF9_CAPBA)

Zinc finger protein (AHRD V3.3 *
AOA200PME8_9MAGN)

zinc finger BED domaiftontainingprotein
RICESLEEPER 4ike (AHRD V3.3 ***
AOA2I4E182_9ROSI)

trifunctional UDRglucose 4,&lehydratase/UD&-
keto-6-deoxyD-glucose 3,Eepimerase/UDH-keto-L -
rhamnoseeductase RHM1 (AHRD V3.8*
ADA214GY66_9ROSI)

transmembrane protein (AHRD V3.3 ***
AT3G14760.1)

mitogenactivated protein kinase 10

Carbohydratéinding X8 domain superfamily proteii
(AHRD V3.3 *** F4|A92_ARATH)

Pentatricopeptide repeabntaining protein (AHRD
V3.3 *** AOA2UINDF9_ARTAN)

Aminopeptidase (DUF3754) (AHRD V3.3 ***
Q8RWC3_ARATH)

glycinerich cell wall structural protein 1-like (AHRD
V3.3-** XP_010324450.1)

RNA helicase DEAD31

Gibberellin 2 oxidase 2 (AHRD V3.3*
AO0A024B654_9ERIC)
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SL4.0ch10 1754778

SL4.0ch10 1760659

SL4.0ch10 1767134

SL4.0ch10 1777419

1756508

1760904

1775301

1781989

+

Solyc10g007570.4 SL4.0ch10 1691268
Solyc10g007580.1 SL4.0ch10 1691268

Solyc10g007590.4 SL4.0ch10 1691268

Solyc10g007600.3 SL4.0ch10 1691268
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Gibberellin 2oxidase (AHRD V3.3 ***
C6GMF4_NICPL)

VQ-like protein (AHRD V3.3 **
AOA2U1QMP6_ARTAN)

Polyadenylatéinding proteirinteracting protein 9
(AHRD V3.3 *** AOA2G3BCI2_CAPCH)

glycolate oxidase
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PathogenR_1vsMockR_0 PathogenR_2vsMockR_0

A

237

PathogenR_OvsMockR_0 PathogenR_3vsMockR_0
872

PathogenR_4vsMockR_0

Supplementary Figure 1:Venn diagrams showing the overlap of differentially expressed genes (DEGS)
across four time points pegathogen inoculation (24, 48, 72, and 96 hours-jpastulation) in resistant
andsusceptible tomato genotyp&sach circle represents DEGs identified at a specific time point compared

to the O hpi (prénoculation) baselineA DEGs in the resistant genotype (PathogenR) compared to-mock
inoculated resistant plants (Mock@) DEGs in tle susceptible genotype (PathogenS) compared to-mock
inoculated susceptible plants (Mock&) DEGs between pathogémoculated resistant (PathogenR) and
susceptible (PathogenS) genotypes. The central overlapping regions in each diagram represent genes
consstently differentially expressed across all four time points, while theomeriapping and partially
overlapping areas show DEGs unique or shared among subsets of time points. These patterns provide
insight into the temporal dynamics and genotgpecifictranscriptional responses to pathogen infection.
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Combined Up/Downregulated Genes at Dhpi
S_Downrequlated R_Uprequiated

S_Upregulated — R_Downregulated

Supplementary Figure 2:Venn diagram showing the overlap and unique distribution of differentially
expressed genes (DEGSs) at 0 hours-pdsttion (hpi) between resistant and susceptible tomato genotypes.
DEGs are categorized into four groups: upregulated in susceptible gBntspregulated, blue),
downregulated in susceptible plants (S_Downregulated, yellow), upregulated in resistant plants
(R_Upregulated, gray), and downregulated in resistant plants (R_Downregulated, pink).
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Combined Up/Downregulated Genes at 24hpi
S_Downregulated R_Upregulated

S_Upregulated R_Downregulated

Supplementary Figure 3:Venn diagram showing theverlap and unique distribution of differentially
expressed genes (DEGs) at 24 hours -pdsttion (hpi) between resistant and susceptible tomato
genotypes. DEGs are categorized into four groups: upregulated in susceptible plants (S_Upregulated, blue),
downregulated in susceptible plants (S_Downregulated, yellow), upregulated in resistant plants
(R_Upregulated, gray), and downregulated in resistant plants (R_Downregulated, pink).
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Combined Up/Downregulated Genes at 48hpi
S_Downregulated R_Upregulated

893
(15.1%)

S_Upregulated R_Downregulated

Supplementary Figure 4:Venn diagram showing the overlap and unique itigtion of differentially
expressed genes (DEGs) at 48 hours -pdettion (hpi) between resistant and susceptible tomato
genotypes. DEGs are categorized into four groups: upregulated in susceptible plants (S_Upregulated, blue),
downregulated in suscepib plants (S_Downregulated, yellow), upregulated in resistant plants
(R_Upregulated, gray), and downregulated in resistant plants (R_Downregulated, pink).
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Supplementary Figure 5:Venn diagram showing the overlap and unique distribution of differentially
expressed genes (DEGs) at 72 hours -pdettion (hpi) between resistant and susceptible tomato
genotypes. DEGs are categorized into four groups: upregulated in susceptible plants (S_Upregulated, blue),
downregulated in susceptible plants (S_Downregdjatgellow), upregulated in resistant plants
(R_Upregulated, gray), and downregulated in resistant plants (R_Downregulated, pink).



