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ABSTRACT
Root-knot nematodes (Meloidogyne spp.) are obligatory root parasites that infect thousands of vascular plant species, causing significant economic losses. These highly polyphagous nematodes engage in sophisticated interactions with host plants and induce the formation of knot-like structures known as galls whose ontogeny remains largely unknown. Among all Meloidogyne species, M. incognita is considered the most damaging species, particularly in tropical and subtropical regions. The main objective of this dissertation is to understand the molecular mechanisms controlling tomato responses to M. incognita infection with the goal of identifying new genetic targets for improving tomato resistance to this destructive parasite. This was accomplished by investigating local and systemic transcriptome and splicesome reprogramming in the M. incognita-induced galls and neighboring root cells, and by identifying and functionally characterizing differentially expressed long non-coding RNAs (lncRNAs). The analysis revealed that M. incognita induces robust gene expression changes, both locally in galls and systemically in neighboring root cells, providing new insights into the coordinated cell-to-cell communications during infection. The transcriptome analysis also indicated that M. incognita exerts a firm control over the cell cycle process in order to increase nuclear ploidy levels required for feeding site formation. Spliceome analysis demonstrated that M. incognita significantly reprograms pre-mRNA splicing patterns as a total of 9064 differentially spliced events from 2898 genes were identified. Overexpression of certain splicing variants negatively impacted gall formation and/or egg mass production, supporting the functional importance of splicing mechanism during the interaction. Additionally, the abundance of a substantial number of lncRNAs were altered specifically at the early stage of infection with the large majority of these lncRNAs being downregulated. The differentially expressed lncRNAs were predicted to encode peptides that contain functional domains and mimic binding sites for microRNAs. The microRNA mimic function of lncRNAs was confirmed using transgenic hairy roots and agroinfiltration, supporting the functional roles of lncRNAs in post-transcriptional gene regulation. Together, the data documented in the current study provide foundation for future studies to functionally characterize tomato genes and lncRNAs involved in cell-to-cell communications, vesicle trafficking, cell cycle, transcriptional and post-transcriptional regulation with the ultimate goal of increasing plant resistance to parasitic nematodes.
Keywords: splicing, long non-coding RNAs, transcription, post-transcription, epigenetic, plant-nematode.
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[bookmark: _Toc172583995][bookmark: _Hlk172712534][bookmark: _Hlk172583188]Root Knot Nematode
Nematodes are multicellular organisms that are members of the large phylum Nematoda, which also includes roundworms without segments. All types of soil, freshwater and marine habitats, and practically all ecosystems and habitats on Earth are home to nematodes. They exhibit diverse lifestyles, ranging from free-living to parasitic and have a wide range of food sources, including animals, bacteria, fungi and plants (Perry, 2011). Plant-parasitic nematodes are categorized based on their feeding attitudes and lifestyle into endoparasites and ectoparasites. Endoparasitic nematodes penetrate the root system of host plants and feed from specialized feeding sites induced inside plant root cells, whereas ectoparasitic nematodes feed on plant and root tissues without penetrating the root tissues. Plant-parasitic nematodes can be further categorized as sedentary and migratory (Decramer, 2006). Sedentary endoparasitic nematodes infect their host plants and induce the formation of specialized feeding sites (Hewezi and Baum, 2017). This group includes cyst nematode (Heterodera spp.) and the root-knot nematode (RKN; Meloidogyne spp.).

In vegetable production, the most common and serious plant-parasitic nematodes are root-knot nematodes (RKN; Meloidogyne spp.), which are named for the distinctive galls or knots that form on roots following infection (Jones et al., 2013; Escobar at al., 2015). During their development, root-knot nematodes undergo four molts from the juvenile stages (J1–J4) to the adult stages (males and females). The transition from J1 (first-stage juvenile) to J2 (second-stage juvenile) normally takes place inside the egg (Perry, 2011). After this initial molt, the egg hatches, releasing the J2 which is the infectious stage. Nematode hatching is believed to be controlled by various factors, including soil moisture and temperature as well as stimuli produced from host plant roots (Hewezi and Baum, 2017). The freshly hatched J2s of RKN penetrate plant roots through the apex and the root elongation zone and migrate intercellularly to the vascular cylinder where they induce the formation of giant cells (typically between 3 and 7), and then became sedentary. The sedentary infective J2s induce the selected cells to expand several hundred times via recurrent mitosis without cytokinesis to form giant-cells as the name entails. The induction of the giant cells induces neighboring cells to divide and increase in size. This results in the formation of knot-like structures known as galls, which are considered the hallmark of RKN infection. 

Plant parasitic nematodes of the Meloidogyne spp. are regarded as critical pests for crop production and cause $157 billion in losses annually worldwide (Abad et al., 2008). It has been estimated that Meloidogyne incognita alone is responsible for a loss of $100 billion annually worldwide (Mukhtar et al., 2014). M. incognita has a significantly greater host range and exists over a larger geographic range than any other Meloidogyne species, from roughly 40° N latitude to 33° S (Taylor et al., 1982). Plants infected with RKN exhibit symptoms above ground such as stunted growth, leaf necrosis, and fast wilting in response to environmental stresses (Bernard et al., 2017; Elnahal et al., 2022). The development of galls on the roots, which decrease the absorption and transfer of water and dissolved nutrients, is the most noticeable underground symptom of RKN infection. Additionally, RKN root injury facilitates the entry of soil borne pathogens, including bacteria and fungi that cause secondary root infection (Agrios, 2005; Cao et al., 2023).

Crop rotation, soil solarization, biological control strategies, and resistant plant cultivars are common nematode management strategies. One of the oldest and most widely used agricultural strategies is crop rotation, which entails growing various or dissimilar crop varieties in the same field (Khan et al., 2023). Furthermore, crop rotation efficiency is typically reduced by the broad host ranges of Meloidogyne spp. (Sikora and Fernandez, 2005). Before planting crops, soil solarization is a safe and non-chemical method of lowering soil-borne microorganisms, especially nematodes, bacteria, and fungi (Forghani and Hajihassani, 2020). The only regions where soil solarization works well are those with high temperatures and limited cloud cover during treatment, where there is sufficient solar radiation accessible for extended periods of time (Khan et al., 2023). Although the use of nematicidal compounds such as methyl bromide can be effective against M. incognita, their usage has already been prohibited or restricted due to their dangerous impacts on human health and the environment (De Waele et al., 2013; Haroon, 2018). It has been shown that certain fungal genera including Fusarium spp., Penicillium spp., Paecilomyces lilacinus, Verticillatum chlamydosportum, Pochonia spp., and Trichoderma spp. could provide limited levels of resistance by reducing juveniles, eggs, and females of parasitic nematodes in the soil (Khalil et al., 2012; Khan et al., 2020). Nematode-resistant cultivars are regarded as an efficient strategy to control RKN (Khan et al., 2022b). Although resistant cultivars have many benefits, farmers still have limited access to them since efforts are still being made to identify and incorporate major RKN resistance genes into cultivars that are marketable and adapted to regional environmental conditions (El-Deeb et al., 2018; Hassanin et al., 2020).

[bookmark: _Toc172583996]Tomato Resistance to RKN
Resistant cultivars are one of the most widely used and successful management techniques for PPN control. (Devran and Sogut, 2010). Bailey (1941) was the first to discover tomato resistance to RKNs in a wild tomato species (Solanum peruvianum L.) Mill. (P.I. 128657). Then, this resistance was introduced into the domesticated species Solanum lycopersicum by Smith (1994) through the use of embryo rescue technique.  M. incognita-1 (Mi-1) is a dominant gene found on chromosome 6 that was later found to be responsible for controlling RKN resistance. (Ho et al., 1992). However, at high soil temperatures (above 28 °C), the resistance disappears, and the Mi-1 gene loses its effectiveness (Dropkin, 1969; Ozalp and Devran, 2018). This climate-related challenge significantly restricts the use of Mi-1 gene in developing RKN-resistant tomato varieties. Finding new resistance gene(s) is therefore essential for developing resistance against RKN. In warm climate zones, gene(s) that confer resilience to high soil temperatures could enable earlier planting and extend the growth season. In this regard, novel resistance genes such as Mi-2, Mi-3, Mi-4, Mi-5, Mi-6, and Mi-9 have been mapped, and appear to be efficient at high soil temperatures (Cap et al., 1993; Yaghoobi et al., 1995; Veremis and Roberts, 1996a; Veremis and Roberts, 1996b; Veremis et al., 1999; Ammiraju et al., 2003). Commercial tomato breeding programs use those resistance genes to manage the three primary RKN species, M. incognita, M. javanica, and M. arenaria (Rashid et al., 2017).  In addition to these genes, Mi-HT exhibits homology with Mi-1.2 and Mi-9 and offers long-lasting tolerance to high temperatures (Wu et al., 2009). Nevertheless, it is unclear if Mi-HT and Mi-9 are distinct genes. Also, the mode of actions of these resistance genes remains to be elucidated (Wang et al., 2013).

Even though the Solanaceae family has a considerable number of Mi genes to combat RKNs, the majority of these genes originated from wild species and are associated with undesirable agronomic traits. This makes their introgression into elite cultivars through traditional breeding a real challenge. For instance, only one of the RKN resistance genes, Mi-1.2, in tomato is commonly available in commercial varieties, despite the fact that at least nine Mi genes have been found in wild tomato accessions (Veremis and Roberts, 1996b; Williamson and Roberts, 2009; Quenouille et al., 2013). Importantly, there have been several reports of Mi-1.2-resistant-breaking populations in tomatoes, and widespread usage of the same Mi gene may lead to the formation and spread of virulent nematode populations capable of overcoming it (Tzortzakakis et al., 2011; Verdejo et al., 2012; Iberkleid et al., 2014). Therefore, the capacity to overcome plant resistance could pose a significant limitation to identify new sources of genetic resistance to manage RKN infection. This challenge, of course, will present new research problems at the intersection of multiple fields of plant sciences and molecular biology, to plant pathology, and at the intersection of multiple experimental modalities, from highly controlled assays to field trials. 

[bookmark: _Toc172583997]Gene Expression Profiling of Tomato Infected With RKN 
The differentiation and transformation of root cells into specialized feeding structures with distinct functions and morphology involve altering the expression of numerous genes (Jammes et al., 2005). Numerous studies have reported on the M. incognita-induced transcriptome programming in host plants. For example, during a time-course infection by the Mi-resistant species M. hapla and the Mi-sensitive species M. incognita, Schaff et al. (2007) examined the root transcriptomes of the resistant (Mi+) and susceptible (Mi–) tomato cultivars "Moneymaker" and "Motelle," respectively. Only one highly regulated gene, encoding a glycosyltransferase, was found in the absence of RKN infection. However, 217 genes were upregulated during the RKN infection stage corresponding to the development of nematode-induced feeding sites. Additionally, a set of 58 differentially expressed genes (DEGs), including glycosyltransferase in the resistant root samples when compared to uninfected roots. The involvement of the glycosyltransferase-encoding gene in nematode resistance was validated using virus-induced gene silencing (Schaff et al., 2007).
	
In a recent study, Shukla et al. (2018) investigated gene expression changes in resistant and susceptible tomato lines inoculated with M. incognita using RNA-seq analysis. While 1827 DEGs were detected during various stages of the susceptible interactions, only 25 genes were identified during the resistant interaction. In the susceptible responses, tomato genes associated with cell wall modifications, development, primary and secondary metabolism, and defense signaling pathways were detected. Tomato genes involved in hormone- and secondary metabolite-mediated defense responses were identified during the resistance responses (Shukla et al., 2018).  Gene expression profiles induced by M. incognita were also reported in other plant species (Jammes et al., 2005; Fuller et al., 2007; Postnikova et al., 2015; Santini et al., 2016; Li et al, 2018; Lee et al., 2021, Li et al., 2021; Sung et al., 2023), highlighting the ability of M. incognita to reprogram host transcriptome to mediate susceptibility.  However, it remains unknown if RKNs including M. incognita induce systemic gene expression changes in root cells far from the infection sites. This topic is of vital importance as the extent of systemic induction of gene expression changes induced by RKNs may be determinant of plant susceptibility. The systemic induction of transcriptome reprogramming may be required to facilitate nutrient flow from the neighboring cells to the giant cells. In addition, analyzing systemic gene expression changes in root cells adjacent to the infection sites may point to the nature of systemic signaling molecules, thereby opening new avenues to block the intercellular communications during nematode parasitism, and hence engineer resistance.  The second chapter of this dissertation examines gene expression changes triggered by M. incognita locally in the galls and systemically in the neighboring root cells.  

[bookmark: _Toc172583998]The Involvement of Alternative Splicing and Its Role in Defense and Plant Resistance
The recent developments in high-throughput transcriptome analysis and RNA population characterization have established alternative splicing as a crucial process of post-transcriptional gene regulation. This strictly controlled process enhances transcriptome complexity and proteome diversity by generating several messenger RNA transcripts and protein variations from a single gene (Hewezi et al., 2024). 

[bookmark: _Toc172583999]Spliceosome Formation and Splicing Mechanism
[bookmark: _Toc172584000]Initiation of the splicing mechanism depends on the formation of a large RNA-protein complex known as spliceosome complex, which consists of five small nuclear ribonucleoproteins (snRNPs) named U1, U2, U4, U5, and U6; heterogeneous nuclear ribonucleoproteins; and trans-acting splicing factors (Kornbliht et al., 2004; Will et al., 2011; Plaschka et al., 2018; Dvinge, 2018). Spliceosome detect introns through the conserved splicing sites dinucleotide GU and AG, which is flanking gene introns at the 5' and 3' ends, respectively (Hewezi, 2024). Also, snRNPs detect branch point sequences located upstream of the 3’ splice site and contribute to the initiation of splicing (Reddy, 2001).  U1 snRNP binds to 5' splice site via interaction with the corresponding mRNA sequences and starts the splicing process (Meyer et al., 2015). U1 snRNP's primary function is to stimulate U2 snRNP attachment to the branch point (Reddy, 2001). Then, the U4/U6-U5 tri-snRNP are added to create the splicing structure, which undergoes a series of conformational changes to bring the interactive splice sites together. The pre-mRNA is cut at the 5' splice site in the first and initial step of the splicing mechanism, and the intron sequence is then formed into a lariat by sticking its 5' end to the adenosine of branch point. Next, the cleavage at the 3’ splice site occurs, and the flanking exons are joined together, leading to the release of final produced mRNA. This is followed by the degradation of lariat recycling of snRNPs (Meyer et al., 2015).

Splicing Factors
The serine arginine-rich (SR) proteins, also known as splicing factors, play key regulatory functions in controlling the splicing process particularly in the recruitment of the spliceosome and in splice site recognition (Lorkovic et al., 2000; Melo et al., 2020). The structural features of these protein families include one or two N-terminal RNA recognition motifs (RRMs) interacting with specific sequences in the pre-mRNA, followed by a downstream serine arginine rich domain of at least 50 amino acids involved in protein-protein interactions (Manley and Krainer, 2010). SR proteins are subjected to extensive phosphorylation, which may have an impact on their RNA binding activity, protein-protein associations, and cellular localization, all of which may modulate their splicing function (Bourgeois et al. 2004; Shen and Green 2006; Reddy 2007; Hawk et al., 2023; Hewezi 2024).

[bookmark: _Toc172584001]Alternative splicing events 
A multiexon gene can generate just one mature mRNA through constitutive splicing, in which just one set of splice sites is utilized (Reddy et al., 2013). Unlike constitutive splicing, alternative splicing (AS) generates several mature mRNA transcripts from a single pre-mRNA by selectively including or excluding exons in different combinations (Hewezi, 2024). Pre-mRNA can produce five distinct AS events. This comprises alternative 5' and 3' splice sites, mutually exclusive exons, intron retention (IR), and exon skipping (ES) (Reddy et al., 2013, Laloum and Duque, 2018; Kufel and Golisz, 2022, Hewezi, 2024). IR refers to the phenomenon where introns, instead of being removed by splicing, are preserved in the final mRNA transcripts. Exon skipping events are defined as when one or more exons are removed from fully mature mRNA transcripts. Mutually exclusive exon usage refers to a specific type of exon-skipping event where just one exon, out of a group of two or more exons, is specifically included in the final mRNA molecule. Alternative 5' and 3' splice sites can produce different events by utilizing splice sites adjacent to the 3' or 5' end of an exon. This leads to the generation of longer or shorter exons from the same pre-mRNA (Hewezi, 2024).

Several studies have demonstrated that splicing events and patterns can be influenced by nematode infection. For example, overexpression of a soybean splicing factor (Glyma.20G189700) significantly increased soybean susceptibility to SCN compared to control plants (Rambani et al., 2020b). In a comprehensive study of various alternative splicing events induced by SCN in soybean during the susceptible interaction, a total of 1979 alternatively spliced events corresponding to 1576 genes were identified with exon skipping and intron retention being the most common events (Hawk et al., 2023). The enrichment of mRNA splicing-related genes among the 1576 differentially spliced genes indicates that SCN regulates alternative splicing of spliceosome-related genes and exerts significant control over the host spliceome (Hawk et al., 2023). Further analysis revealed that GmBIR1 (Glycine max BAK1-INTERACTING RECEPTOR LIKE KINASE1) regulates the phosphorylation of key splicing factors and plays a key role in establishing alternative splicing upon SCN infection (Hawk et al., 2023).

Recent studies revealed that effector proteins can modulate alternative splicing patterns. For instance, Mejias et al., (2021) identified a root knot nematode effector gene, MiEFF18, which was found to interact with the spliceosomal protein SmD1 from Arabidopsis. The MiEFF18– SmD1 interaction was found to alter alternative splicing of a significant number of genes for nematode parasitism and gain cell formation.  In another study, the 30D08 effector protein was found to be secreted from the cyst nematode gland cell and delivered to the host nucleus where it interacts with a plant auxiliary spliceosomal protein to alter expression and alternative pre-mRNA splicing of a subset of genes required for the establishment of the feeding site (Verma et al., 2018). The second chapter of this dissertation will focus on the identification and functional characterization of differentially spliced events induced by M. incognita in tomato during two distinct stages (4 dpi and 11 dpi) of infection.

[bookmark: _Toc172584002]Epigenetic modifications and long non-coding RNAs
Epigenetics is the biochemical modifications to DNA and associated proteins that control chromosome function and structure as well as gene expression (Lauria et al., 2011; Eichten et al., 2014; Hewezi, 2020). Plant epigenetic profiles are controlled by three closely related epigenetic regulatory mechanisms, including histone modifications, DNA methylation, and short non-coding RNAs (especially microRNAs) (Hewezi, 2020). Transposon mobility, genome stability, and gene expression are all regulated by the reversible and heritable epigenetic modifications known as DNA methylation (Hewezi et al. 2018). DNA methylation is the process of adding or removing a methyl group (CH3) without changing the DNA nucleotide sequences.  DNA methylation has been recently shown to play key role in plant–nematode interactions (Rambani et al., 2015; Hewezi et al., 2017; Rambani et al., 2020a; Rambani et al., 2020b; Bennett et al., 2023; Silva et al., 2023; Hawk et al., 2024). Post-translational histone modifications are one aspect of the epigenetic process controlling gene expression. Several biochemical modifications affect histone proteins, mainly methylation and acetylation, which frequently occur at lysine (K) residues (Hewezi, 2020). Gene transcription and chromatin structure are significantly changed as a result of these modifications (Kouzarides, 2007), and can impact the compatibility of plant-nematode interactions (Atighi et al., 2021; Bennett et al., 2022). 

miRNAs are a class of non-coding short RNAs, which play essential regulatory roles in controlling gene expression at the post-transcriptional level. The long primary transcripts (pri-miRNAs) are processed into hairpin loop-like structures and give rise to mature miRNAs, which are typically 21–22 nucleotides long (Rogers and Chen, 2013). By base pairing with target mRNAs that have perfect or nearly perfect complementary sequences, miRNA–mRNA interaction leads to post-transcriptional gene silencing through mRNA degradation or translational inhibition (Bartel, 2004).

Long regulatory ncRNAs are also called long non-coding RNAs (lncRNA) with more than 200 bp in length (Quan et al., 2015). LncRNAs represent about 80% of total ncRNAs (Zhang et al., 2013).  They have some properties that are shared with messenger RNA (mRNA) such as 5' capping, transcription by RNA polymerase II, a cap structure at 5', poly (A) tail at 3', and splicing (Chekanova, 2015). However, unlike mRNA, lncRNAs lack initiation and termination codons, and the 3' untranslated regions (UTRs) (Sanchita et al., 2020). Furthermore, lncRNAs are often shorter than the related protein-coding genes, expressed at low levels, and have fewer and longer exons (Quinn and Chang, 2016).  Although RNA polymerase II is responsible for the transcription of the majority of known lncRNAs, many of these are also generated by plant-specific RNA polymerases, including Pol V, Pol III, and Pol IV (Wierzbicki et al., 2021). When compared to RNA pol II–transcribed lncRNAs, those produced by RNA pol IV and V have structural changes such as the absence of polyadenylated tails (Zhou and Law, 2015).
LncRNAs can be grouped into different categories based on their position in the genome and the direction of transcription (antisense or sense orientations), including long intergenic (lincRNAs) and intronic (incRNA), and bidirectional (BI-lncRNAs) (Nejat and Mantri, 2018). lncRNAs transcribed from intronic regions in the sense orientation are called incRNAs. COLDAIR mediated epigenetic repression of the Flowering Locus C (FLC) is a well-examined example of incRNA in plants (Heo and Sung, 2011). Those transcribed from the opposite strand of the genes are known as antisense or natural antisense lncRNAs (NATs) (Zhao et al., 2018).  In a thorough analysis of more than 200 tilling array data sets of Arabidopsis thaliana, a number of putative lncRNAs, NATs, and lincRNAs were identified, (Wang et al., 2014). COOLAIR (Csorba et al., 2014) and HID1(Wang et al., 2014) are well-known examples of NATs in plants (Budak et al., 2020). NATs are key regulators of post-transcriptional and transcriptional regulation of protein coding genes. It has been reported that COOLAIR and SHO lnc-NAT (Petunia) contribute to the regulation of plant morphology with roles in biotic and abiotic stress responses (Zubko and Meyer, 2007; Jabnoune et al 2013; Ietswaart et al., 2017). The lncRNAs that are positioned in the introns of protein coding genes are called intergenic lncRNAs.  LDMAR (Kouchi et al., 1999) and ENOD40 (Ding et al., 2012a) are two good examples of this group of lncRNAs (Waseem et al 2020).  Those that are transcribed in the opposite direction from the neighboring protein-coding gene within 1 kb of the promoters are known as bidirectional lncRNAs. 

In light of the reported information, lncRNAs have a variety of important roles in various biological processes, including ribonucleoprotein regulation, molecular imprinting, RNA processing, transcriptional regulation, and chromatin remodeling (Wilusz et al., 2009; Tsai et al., 2010; van Werven et al., 2012). The molecular mechanism of lncRNAs can be briefly classified into 2 types including decoys and signals (Wang and Chang, 2011).  lncRNAs can function as decoys, reducing the amount of protein generated and efficiently titrating proteins and short regulatory RNAs (Li et al. 2014). They function as molecular “sinks” to absorb miRNAs to regulate miRNA target genes activities. It is basically known as miRNA target mimics. Also, these lncRNAs have been demonstrated to compete for miRNA binding sites, function as splicing factor decoys, and regulate epigenetic modifications through recruitment of the Polycomb repressive complex (PRC) (Tripathi et al., 2010; Poliseno, et al., 2010).  The most known example of the decoy function of lncRNAs is IPS1 and AT4 lncRNAs, which sequester the activity of miR399 to prevent the degradation effect of miR399 on their target mRNAs (Shin et al., 2006; Franco-Zorilla et al., 2007). lncRNAs can also function as signaling molecules that regulate temporal and spatial expression of protein-coding genes by interacting with transcription factors or participating in signaling networks. LDMAR is a good example of the signaling molecule function, which regulate male sterility in a day-length dependent manner (Ding et al., 2012). Regulation of genes close to lncRNAs occur in cis as well as in trans for genes that are located far from lncRNAs (Wu et al., 2020). Together, these data support the multi regulatory functions of lncRNA in various aspects of plant growth, development, and stress response.

[bookmark: _Toc172584003]Plant-parasitic nematodes exert a powerful control over the abundance of lncRNAs in various host plants
A number of recent studies have been shown that RKN regulate the abundance of lncRNAs. For example, Sigh et al. (2022) identified only 8 differentially expressed lncRNAs in tuberose (Polianthes tuberosa) upon infection with M. incognita based on homology with the plant lncRNA database. This low number is most likely due to RNA-seq library preparation that were not designed for lncRNA enrichment. However, in other study conducted by Xu et al. (2022) a total of 4439 lncRNAs, were identified as differentially expressed between infected and non-infected peanut root samples. Of these differentially expressed lncRNAs, 13 transcripts were predicted to contain sequence mimics for miRNAs. In another study conducted by Yang et al. (2020) a possible role of lncRNAs in biocontrol of bacteria-induced tomato resistance to RKN was reported. In this study, 78 differentially expressed lncRNAs were identified in tomato plants inoculated with Pseudomonas putida (isolate Sneb821) in comparison with tomato inoculated with M. incognita. Of these lncRNAs, 12 were found to act as target mimics for miRNAs, from which miR396 and miR156 appeared to be sequestered by two lncRNAs, and hence a role of the miR396 and miR156 and their target genes in Sneb821-induced tomato resistance to M. incognita was suggested (Yang et al., 2020). Other plant-parasitic nematodes including soybean cyst nematode, reniform nematode (Rotylenchulus reniformis) and root lesion nematode (Pratylenchus coffeae) were found to regulate the expression of lncRNAs in soybean and banana, respectively (Muthusamy et al. 2019, Khoei et al., 2021) despite the extent of regulation varying considerably. The nematode-regulated lncRNAs were then used to predict putative cis and trans target genes.  Computational prediction of target gene function revealed their implication in stress responses and regulation of nematode-responsive genes (Khoei et al., 2021). Importantly, the accumulation of lncRNA was also found to differ significantly between resistant and susceptible plants. For example, 2,507 lncRNAs were determined as significantly differentially expressed between M. incognita–susceptible and –resistant tobacco varieties (Li et al., 2018). Taken together, these studies indicate that plant-parasitic nematodes, similar to other phytopathogens exert a powerful control over the abundance of lncRNAs in various host plants. However, none of these documented lncRNAs were functionally characterized, and hence the exact regulatory function of nematode–regulated lncRNAs remain unknown. The third chapter of this dissertation will focus on identification and functional characterization of differentially expressed lncRNAs in galls and neighboring root cells upon tomato infection by M. incognita.
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Abstract
Root-knot nematodes (Meloidogyne spp.) are widely spread root parasites that infect thousands of vascular plant species. These highly polyphagous nematodes engage in sophisticated interactions with host plants that result in the formation of knot-like structures known as galls whose ontogeny remains largely unknown. Here, we determined transcriptome changes and alternative splicing variants induced by M. incognita in galls and neighboring root cells at two distinct infective stages. M. incognita induced substantial transcriptome changes in tomato roots both locally in galls and systemically in neighboring cells. A considerable parallel regulation of gene expression in galls and neighboring cells was detected, indicative of effective intercellular communications exemplified by suppression of basal defense responses particularly during the early stage of infection. The transcriptome analysis also revealed that M. incognita exerts a tight control over the cell cycle process as a whole that results in an increase of ploidy levels in the feeding sites and accelerated mitotic activity of the gall cells. Alternative splicing analysis indicated that M. incognita significantly modulates pre-mRNA splicing, as a total of 9064 differentially spliced events from 2898 genes were identified where intron retention and exon skipping events were largely suppressed. Furthermore, a number of differentially spliced events were functionally validated using transgenic hairy root system and found to impact gall formation and nematode egg mass production. Together, our data provide unprecedented insights into the transcriptome and spliceome reprogramming induced by M. incognita in tomato with respect to gall ontogeny and nematode parasitism. 
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[bookmark: _Toc172584008]Introduction
Root-knot nematodes (Meloidogyne spp.) are obligatory root parasites that infect almost all vascular plant species including many economically important crops, vegetables, and ornamental plants, causing significant economic losses (Jones and Goto, 2011). With over 100 species of Meloidogyne species described so far (Hunt David and Handoo Zafar, 2009), M. incognita is the most globally widespread and damaging species. These highly polyphagous nematodes engage in sophisticated interactions with host plants that results in the formation of a permanent feeding site, known as giant-cells, to support nematode development and maturation. The infective second-stage juveniles (J2) penetrate plant roots at the root tip region, migrate intercellularly, and select few vascular cylinder cells as potential feeding cells. If these cells are compatible, the infective J2s become sedentary and guide these cells to enlarge in size via recurrent mitosis without cytokinesis to form multinucleated and metabolically hyper-active giant-cells (Escobar et al., 2015; Hewezi and Baum, 2017). Giant-cell formation stimulates neighboring cells to divide asymmetrically in a disordered way, resulting in the formation of knot-like swellings termed galls at the site of infection. The infective J2s feed from the giant-cells and molts to third-stage juveniles (J3), fourth-stage juveniles (J4), and finally adult females laying hundreds of eggs inside the egg mass (Escobar et al., 2015; Jones and Goto, 2011).

The identity of nematode-induced galls and giant-cells is believed to be established through specific transcriptional reprogramming, which is mediated via a broad set of transcription factors in addition to other transcriptional and post-transcriptional regulators. M. incognita–induced transcriptome programming in host plants has been documented in several studies (Fuller et al., 2007; Jammes et al., 2005; Lee et al., 2021; Li et al., 2021, 2018; Postnikova et al., 2015; Santini et al., 2016; Schaff et al., 2007; Shukla et al., 2018; Sung et al., 2023) providing interesting information about the importance of phytohormone signaling, suppression of defense responses, cytoskeletal organization, solute transport, cell wall modifications, and regulation of metabolic pathways for successful nematode parasitism of host plants. However, most of these transcriptome studies were conducted using whole root tissues, and hence lack the fine resolution required for deepening our understanding of cellular responses to M. incognita infection and the molecular mechanisms underlying gall formation and development. 

Post-transcriptional regulation of mRNA by alternative splicing (AS) has recently emerged as an important regulatory mechanism determining gene function and specificity in various developmental and stress contexts (Filichkin et al., 2015; Kufel et al., 2022; Laloum et al., 2018; Niyikiza et al., 2020; Rigo et al., 2019). Exon skipping and intron retention, the two main splicing events, impact transcriptome diversity and function. For example, the generation of multiple mature mRNA transcripts from a single pre-mRNA through combinatorial exclusion or inclusion of exons has the potential to produce protein isoforms with varied structural and functional specificities. Intron-retention events frequently produce non-functional transcripts that could play a role in fine-tuning the transcript level of certain disease resistance genes to reach appropriate activity and maximize plant fitness (Kufel et al., 2022; Sun et al., n.d.; Yang et al., 2014). In some cases, intron-retained transcripts can be translated, producing truncated proteins that may have dominant-negative functions (Hewezi, 2024; Niyikiza et al., 2020; Reddy et al., 2013).

Despite recent experimental data indicating that AS plays fundamental role in various pathosystems (Hewezi, 2024; Kufel et al., 2022; Rigo et al., 2019), information about the frequency and importance of AS events during plant-nematode interactions has been reported in only a limited number of studies (Hawk et al., 2023; Mejias et al., n.d.; Rambani et al., 2020; Verma et al., 2018). For example, soybean cyst nematode (SCN, Heterodera glycines) has been shown to induce 1979 splicing events in 1576 unique genes in soybean roots upon infection, with exon skipping being the most common differentially spliced events (Hawk et al., 2023). Importantly, effectors from cyst and root-knot nematodes have been shown to interact with host spliceosomal proteins in order to reprogram plant mRNA splicing machinery and facilitate infection. The 30D08 effector from the beet cyst nematode H. schachtii and the MiEFF18 effector from M. incognita were reported to physically associate with the auxiliary spliceosomal SMU2 and SmD1 from Arabidopsis, respectively, thereby modulating the splicing patterns of plant genes to facilitate nematode infection (Mejias et al., n.d.; Verma et al., 2018). Despite these compelling evidences, the magnitude, patterns, and functions of differentially spliced events occurring during the formation and development of M. incognita-induced galls remain elusive. 

In this study, we determined transcriptome changes and alternative splicing variants, induced by M. incognita in galls and neighboring root cells at two distinct infection stages. Our data indicate that M. incognita induces robust gene expression changes in tomato roots both locally in galls and systemically in neighboring cells. This transcriptome reprograming occurred in an infection stage dependent–manner and involved parallel regulation in galls and neighboring cells. Our analysis also revealed that M. incognita greatly modulates pre-mRNA splicing particularly during the early stage of infection, as a total of 9064 uniquely differentially spliced events from 2898 genes were identified. The functional importance of certain splicing variants was examined using transgenic hairy root system and found to alter nematode parasitism by impacting gall formation and nematode egg mass production. Overall, our results shed light on how M. incognita alters host gene expression and pre-mRNA splicing to regulate various biological processes and molecular functions required for gall organogenesis and nematode parasitism.

[bookmark: _Toc172584009]RESULTS
[bookmark: _Toc172584010][bookmark: _Hlk157758429]M. incognita induces substantial transcriptome changes in tomato roots both locally in galls and systemically in neighboring cells 

To determine local and systemic transcriptome changes induced by M. incognita in tomato roots, we inoculated 10-days-old tomato seedings with second-stage juveniles. At 4-and 11-day post inoculation (dpi), galls, neighboring roots tissues, and the corresponding non-infected whole roots were collected in three biological samples for RNA extraction and RNA-seq library preparation (Supplementary Figure S2.1). The 4- and 11-day time points were selected to represent young and fully developed galls. Using a false discovery rate less than 5%, we identified 3895 and 6944 differentially expressed genes (DEGs) in galls and adjacent root tissues, respectively, in comparison with non-infected roots at 4 dpi (Supplementary Data Table 1 and 2). Similarly, at 11 dpi, 3582 and 1063 DEGs were identified in galls and adjacent root tissues, respectively, in comparison with the corresponding non-infected roots (Supplementary Data Table 3 and 4). These data indicate that M. incognita induces robust gene expression changes in tomato roots both locally in galls and systemically in neighboring cells. 

[bookmark: _Toc172584011]M. incognita induces transcriptome reprograming in an infection stage dependent–manner
We examined whether M. incognita induces distinct transcriptome reprograming at the 4 and 11 dpi. Venn diagrams revealed that 801 and 1443 genes were uniquely differentially expressed in galls at the 4 and 11 dpi, respectively (Figure 2.1A). Likewise, 4062 and 74 genes were exclusively differentially expressed in the neighboring root tissues at the 4 and 11 dpi, respectively (Figure 2.1A). This finding implies that M. incognita induces transcriptome reprograming in galls and neighboring cells in an infection stage–dependent fashion. The 4-dpi gall specific DEGs (801) were enriched in genes involved in small molecule biosynthetic process, whereas the 11-dpi gall specific DEGs (1443) were enriched in genes implicated in mitotic cell cycle process and microtubule-based process. The DEGs unique to the neighboring cells at 4 dpi (4062) were enriched in genes implicated in cytoplasmic translation, cellular catabolic process; vesicle-mediated transport, phosphorus metabolic process protein folding, targeting, and modification; mRNA splicing; organelle organization; cell communication; and cellular response to stimulus (Figure 2.1B). The DEGs unique to the neighboring cells at 11 dpi (74) did not show enrichment in a particular biological process (Figure 2.1B). 

[bookmark: _Toc172584012][bookmark: _Hlk157760521]M. incognita induces parallel transcriptome reprograming in galls and neighboring cells
Cross comparison of the identified DEGs revealed that 2470 (2066 + 404) and 674 (517 + 157) genes were similarly up- or down-regulated in galls and adjacent root tissues at 4 and 11 dpi, respectively (Figure 2.2 A and B). Only three genes at these two time points showed opposite regulation in galls and neighboring root tissues (Figure 2.2A and B). The finding that 63.5% of the DEGs identified in galls at 4 dpi were similarly regulated in neighboring root tissues implies that this parallel regulation is not random but is biologically meaningful. Interestingly, gene ontology (GO) analysis found the 2066 downregulated genes both in galls and in neighboring cells at 4 dpi were enriched in genes involved in defense response to other organisms, as well as those implicated in cell wall organization or biogenesis and transmembrane transport (Figure 2.2C). Protein class analysis revealed that water and metal ion transmembrane transporters and peroxidases were highly overrepresented among these downregulated genes. The similarly upregulated genes (404) in galls and in neighboring root tissues at 4 dpi were enriched in genes involved in wounding response, regulation of cell communication and regulation of gene expression (Figure 2.2C). Remarkably, protein class analysis of these 404 upregulated genes revealed enrichment for transcription factors and metabolite interconversion enzymes, particularly those with hydrolase, oxidoreductase, phospholipase, and oxygenase functions. The 674 genes that were similarly regulated in galls and adjacent roots tissues at 11 dpi included 517 downregulated genes and 157 upregulated genes. Response to cytokinin and response to auxin were the significantly enriched GO terms among the 517 downregulated genes (Figure 2.2C). The 157 similarly upregulated genes in galls and neighboring regions were involved in a wide range of biological processes, but no such enrichment for GO terms was detected.  Together, these gene expression data point to inhibition of auxin and cytokinin signaling and defense responses locally in the nematode-inducted galls and systemically in the neighboring cells. 

[bookmark: _Toc172584013]Transcription factors regulatory networks controlling gene expression in galls and neighboring regions  
The identification of substantial numbers of commonly and uniquely regulated genes between galls and adjacent root tissues at both time points prompted us to identify transcription factors with potential roles in this regulation. A total of 261 and 319 transcription factor-encoding genes were identified as differentially expressed in galls and adjacent root tissues, respectively at 4 dpi (Supplementary Data Table 5). Similarly, at 11 dpi, 212 and 90 transcription factors were determined as differentially expressed in galls and adjacent root tissues, respectively (Supplementary Data Table 5). After eliminating duplicates, a total of 487 unique transcription factors were identified as differentially expressed in galls and/or adjacent root cells at both time points. As showing in figure 2.3, 236 of these transcription factors belongs to the bHLH, bZIP, ERF, MYB, and WRKY families, implying key functions of these family members in establishing the regulatory networks controlling gene expression in galls and neighboring regions. 

Cross comparison of the transcription factor gene lists revealed that 162 and 62 transcription factors (highlighted in back dots in figure 2.3) were similarly regulated in galls and adjacent root tissues at the 4 and 11 dpi time points, respectively. These factors belong to various families, including AP2, bHLH, bZIP, GATA, ERF, TCP, TGA, and Trihelix, for example, suggesting roles of these factors in coordinating gene expression in galls and adjacent root cells. Cross comparison also revealed that 256 and 178 transcription factors (highlighted in red dots in figure 2.3) were uniquely regulated in galls or neighboring root tissues at 4 and 11 dpi, respectively. Notably, all members of the E2F, GTE, and HD transcription factor families exhibited unique expression patterns in galls or neighboring root tissues (Figure 2.3), suggesting key regulatory functions of these factors in mediating gene expression specificity. Examining the expression patterns of the 487 identified transcription factors revealed that two-thirds of these transcription factors were downregulated (Figure 2.3 and Supplementary Data Table 5). Remarkably, all members belonging to the TCP, TGA, HD-like, and NF-YA families were downregulated (Figure 2.3). Similarly, the majority of the bZIP, GATA, and GRAS family members were also downregulated (Figure 2.3). Together, these data suggest that downregulation of key regulatory factors is critical for gall formation and development.

[bookmark: _Toc172584014]Mitotic cell cycle processes are highly activated in fully developed galls 
The enrichment of mitotic cell cycle-related genes among the 11-dpi gall specific DEGs is remarkable considering the key role of cell cycle in gall ontogeny and nematode parasitism. Therefore, we map all differentially expressed cell cycle-related genes, identified in the 11-dpi galls, in comparison with the corresponding non-infected roots, across various cell cycle phases. As shown in figure 2.4, these genes were distributed across all cell cycle phases including interface phase (G1, S, and G2) and mitotic (M) phase (mitosis and cytokinesis). 

The list included several core cell-cycle genes, including the D-type cyclins CYCD1;1 (Solyc05g006050) and CYCD6;1 (Solyc03g006670), which are involved in G1 phase progression; the DNA replication licensing factors MCM2 (Solyc11g040120) and MCM6 (Solyc02g082180); DNA REPLICATION FACTOR CDT1 (Solyc06g008510); and DNA REPLICATION COMPLEX GINS PROTEIN PSF3 (Solyc05g008620), in addition to several G2 mitotic-specific cyclins (Solyc06g065680, Solyc02g082820, Solyc06g073610, Solyc04g082430; and Solyc11g005090 (Figure 2.4 and Supplementary Data Table 6). The core genes of the M phase included KINESIN-like proteins (Solyc09g010060, Solyc06g075580, and Solyc10g083310), CONDENSIN complex subunits (Solyc07g049680, Solyc11g011370, Solyc03g044020, and Slyc10g079730), TPX2 like proteins (Solyc10g008210, Solyc08g079760, Solyc12g005480, Solyc07g053790, and Solyc02g067100), as well as several tubulins and microtubule binding motor proteins (Figure 2.4, and Supplementary Data Table 6). Interestingly, genes involved in cell cycle checkpoints were also identified among the 11-dpi gall specific DEGs, including, for example, a cyclin-dependent kinase (Solyc04g082840), B-type cyclins (Solyc10g080950, Solyc01g009040, and Solyc04g078470), AURORA kinases (Solyc12g095870, Solyc04g009330, and Solyc08g066050), a TRESLIN (Solyc03g007550), a cell division control protein (Solyc09g059440) and the mitotic checkpoint proteins BUBR1 (Solyc04g082900), BUB1 (Solyc07g053820), and BUB3 (Solyc01g107160) (Figure 2.4 and Supplementary Data Table 6). 

[bookmark: _Toc172584015][bookmark: _Hlk157589411][bookmark: _Hlk157589679]Local and systemic suppression of defense response in galls and neighboring root cells 
GO term analysis implied local and systemic suppression of defense responses in galls and neighboring root cells during the early stage of infection. To provide more details for this finding, we compared the levels of downregulation of a set of genes known to be involved in basal defense response between galls and neighboring root cells at both time points. The expression of 11 defensin-like genes were simultaneously downregulated in the 4-dpi samples. However, the level of downregulation in neighboring root cells tended to be at a lower magnitude (Figure 2.5). 

Additionally, genes encoding pathogenesis-related (PR) proteins, respiratory burst oxidases, and lipoxygenase exhibited the same patterns of downregulation (Figure 2.5), supporting the notion of systemic suppression of defense responses upon nematode infection. Nevertheless, at the 11-dpi time point, the majority of these genes showed similar downregulation in galls but not in the neighboring root cells, suggesting a transition of defense suppression from a local/systemic state at the early stage of infection into local state at later stage of infection. 

It may be important to mention that a number of defense-related genes, including PR genes, defensin-like genes, receptor like kinases, and WRKY transcription factors with known roles in deferens responses were upregulated in galls or neighboring root cells particularly at the 4 dpi (Supplementary Data Tables 1 and 2). The upregulation of these defense-related genes may reflect that tomato plants ineffectively respond to nematode infection or reflect a mechanism to mitigate damage.
[bookmark: _Toc172584016]M. incognita profoundly modulates pre-mRNA splicing during infection 
[bookmark: _Hlk96515116]We next analyzed our RNA-seq data to identify differentially spliced events using the JunctionSeq package (Hartley and Mullikin, 2016). Using an FDR cut-off of 0.05, we identified 2272 and 6580 differentially spliced events in galls and neighboring root tissues, respectively, as compared with non-infected roots at 4 dpi (Supplementary Data Tables 7 and 8, and Figure 2.6A and B). Similarly, 933 and 1603 differentially spliced events were identified in galls and adjacent root tissues, respectively, compared with non-infected section of the roots at 11 dpi (Supplementary Data Tables 9 and 10, and Figure 2.6C and D). A total of 9064 unique differentially spliced (AS) events from 2898 genes were identified after eliminating duplicates. These results indicate that M. incognita profoundly modulates pre-mRNA splicing, particularly during the early stage of infection.

[bookmark: _Toc172584017]M. incognita induces suppression of intron retention events and exon usage both in galls and neighboring cells
The differentially spliced events were further grouped into two main categories: intron retention (IR) and differentially used exons (DUEs). Of the 2272 differentially spliced events identified in the 4 dpi galls, 740 events (402 IR and 338 DUE) were significantly more abundant in galls, and 1532 events (962 IR and 570 DUE) were significantly more abundant in the corresponding non-infected root tissues (Figure 2.6A). Of the 6580 differentially spliced events identified in the neighboring regions at 4 dpi, 1134 events (524 IR and 610 DUE) were significantly more abundant in neighboring regions, and 5446 events (3319 IR and 2127 DUE) were significantly more abundant in the corresponding non-infected root tissues (Figure 2.6B). These data imply that suppression of IR events and increasing exon skipping occur in galls and, to a much higher extent, in the neighboring cells. 

This trend was also observed in galls and neighboring cells at 11 dpi even though the number of differentially spliced events were substantially reduced. The 933 differentially spliced events identified in galls at 11 dpi included 337 events (180 IR and 157 DUE), which accumulated more significantly in galls, and 596 events (377 IR and 219 DUE), which accumulated more significantly in the corresponding non-infected root tissues (Figure 2.6C). The 1603 differentially spliced events identified in the neighboring regions at 11 dpi included 965 events (562 IR and 403 DUE), which accumulated more significantly in neighboring regions, and 638 events (307 IR and 331 DUE), which accumulated more significantly in the corresponding non-infected root tissues (Figure 2.6D). 

To validate IR and DUE data, we used RT-qPCR to measure the abundance of 6 IR events (Solyc08g067360, Solyc07g009070, Solyc10g084780, Solyc01g080150, Solyc04g009310, and Solyc01g095140) and 6 exon skipping events (Solyc07g054410, Solyc08g082130, Solyc01g057420, Solyc01g008090, Solyc10g048030 and Solyc09g011500) in galls or neighboring cells at 4 or 11 dpi relative to non-infected root tissues. Except for the Solyc01g008090 exon skipping event, which did not show significant change in abundance, the expression data of the remaining 11 events confirmed the splicing patterns obtained with JunctionSeq (Figure 2.6E). 

[bookmark: _Toc172584018]Genes involved in oxidation reduction are subjected to alternative splicing in gall and neighboring cells 
We next performed GO term enrichment analysis to identify biological processes and molecular functions that are overrepresented among the differentially spliced genes (DSGs) showing increased or decreased IR/exon usage events in galls and neighboring cells at 4 and 11 dpi. At 4 dpi, genes showing increased IR and/or exon usage in galls were enriched in functions related to catalytic activity and wounding response, whereas those showing reduced IR and/or exon usage were enriched in genes related to oxidation-reduction process and transmembrane transporter activity. Similarly, genes showing increased IR and/or exon usage in the neighboring cells at 4 dpi were enriched in functions related to catalytic activity and wounding response. However, genes with reduced abundance of IR and/or exon usage events in the neighboring region at 4 dpi were enriched in biological processes and molecular functions related to primary metabolic processes, protein and small molecule metabolic processes, transport, oxidoreductase activity, and RNA binding. At 11 dpi, DSGs with increased IR and/or exon usage in galls showed an enrichment for oxidoreductase activity, while those exhibiting reduced IR and/or exon usage were enriched in oxidoreductase activity and transmembrane transporter activity. DSGs with increased IR and/or exon usage events in the neighboring region at 11 dpi were enriched in functions related to wounding responses, whereas those genes showing reduced IR and/or exon usage events were enriched in genes related to catalytic activity (Supplementary Figure 2.2). These data clearly show that a significant number of genes involved in oxidation-reduction are subjected to alternative splicing both in gall and neighboring cells at early and late stages of nematode infection. 

[bookmark: _Toc172584019]Differentially used exons impact protein domain arrangement 
Differential usage of exons in specific splicing variants have the potential to impact protein domain organization, and hence protein function (Niyikiza et al., 2020). Therefore, we examined if DUEs identified in galls and neighboring cells would affect protein domain structure by scanning the amino acid sequences of significantly DUEs against functionally annotated protein domains in the Pfam database. Numerous functional domains, including cytochrome P450, glycoside hydrolase, peroxidase, peptidase, helicase, S-adenosyl-L-methionine-dependent methyltransferase, and small GTPase were identified among DUEs (Figure 2.7), suggesting that DUEs have the potential to alter the activity of the encoding enzymes. Domains functioning in immunity and defense responses were also identified, including protein kinase, lipoxygenase, MLO, and Tify (Figure 2.7). 
[bookmark: _Toc172584020][bookmark: _Hlk157760984]Differentially used exons impact gall formation and egg mass production 
We examined the functional impact of exon splicing events on plant response to nematode infection by overexpressing splicing variants lacking DUEs using transgenic hairy root system. The overexpression constructs included the coding sequences of Solyc03g094160 lacking exon 4, Solyc12g013650 lacking exon 2, Solyc01g079260.4.1 lacking exon 3, and Solyc11g032100.2 lacking exon 2. In all cases, full-length coding sequences of these genes were also overexpressed for comparison. In addition, transgenic hairy roots expressing the empty vector were generated and included as control. Transgenic hairy roots were identified using GFP screens, and the composite plants were then inoculated with M. incognita second-stage juveniles.

The functionality of the overexpression constructs was confirmed by quantifying mRNA abundance of the overexpressed genes in three biological samples randomly collected from different GFP-positive hairy roots. Approximately, six weeks after inoculation, number of galls per root system as well as number of eggs per gram root tissues were determined. Overexpression of both full-length and splicing variants of Solyc03g094160 negatively impacted the number of galls as compared with control plants expressing the empty vector (Figure 2.8A). However, the splicing variant produced significantly lower number of galls as compared with the full-length variant (Figure 2.8A). Overexpression of the full-length variant resulted in 54.4% reduction in number of galls, whereas the splicing variant showed 73% reduction in comparison with control plants (Figure 2.8A). Both variants showed similar impact on egg number (Figure 2.8C).

In comparison with control plants expressing the empty vector, both full-length and the splicing variant of Solyc12g013650 significantly reduced the number of galls, but the full-length variant produced significantly less galls compared with the splicing variant (Figure 2.8A).  Both variants showed similar non-significant reduction in egg numbers relative to control plants expressing the empty vector (Figure 2.8C). Transgenic hairy roots overexpressing the full-length and splicing variants of Solyc01g079260 exhibited distinct impacts on gall and egg numbers when compared with control plants (Figure 2.8B and D). While the full-length variant produced significantly less gall, the splicing variant produced gall number similar to that of control plants (Figure 2.8B). Only the splicing variant significantly reduced the number of eggs as compared with control plants (Figure 2.8D). Both full-length and splicing variants of Solyc11g032100.2 produced a similar number of galls per root system, but the number of eggs determined on the transgenic roots overexpressing the splicing variant were twice the number determined on the transgenic roots overexpressing the full-length variant (Figure 2.8B and D). Taken together, these data support a role of DUEs in gall formation and/or egg mass production.
[bookmark: _Toc172584021]DISCUSSION
In this study, we investigated local and systemic transcriptome and spliceome reprogramming in the M. incognita–induced galls and neighboring root cells, and revealed several key features of this reprogramming.  M. incognita induced substantial transcriptome changes in tomato roots, both locally in galls and systemically in neighboring cells at early and late stages of infection. Previous studies documenting transcriptome changes using whole roots as experimental materials in response to M. incognita infection suggest a systemic induction of gene expression changes  (Fuller et al., 2007; Jammes et al., 2005; Lee et al., 2021; Li et al., 2021, 2018; Postnikova et al., 2015; Santini et al., 2016; Schaff et al., 2007; Shukla et al., 2018; Sung et al., 2023). However, the characteristics and magnitude of this induction were not previously reported. Our finding that 63.5% of the DEGs identified in galls at 4 dpi were similarly regulated in neighboring root tissues indicates that this systemic regulation is of biological significance, particularly at the early stage of infection.

However, a later stages of infection, the parallel regulation of gene expression in gall and neighboring root cells seems to be less profound, as only 19% of the DEGs identified in galls at 11 dpi were similarly regulated in neighboring cells. Cell-to-cell communication during plant development are generally mediated through various signaling mechanisms involving reactive oxygen species (ROS), small peptides, phytohormone signaling and the movement of transcription factors and small non-coding RNAs (Jin et al., 2023; van Norman et al., 2011). The involvement of these signaling mechanisms in establishing plant-nematode interactions (Gheysen and Mitchum, 2019; Hewezi, 2020; Mitchum and Liu, 2022; Sato et al., 2019) supports such a role in effective intercellular communication between galls and neighboring root cells, considering a significant number of genes coding for these signaling components are identified as differentially expressed. 

Coordinated intercellular communications between plant cells is required for proper plant responses to infection relating to defense responses and resource allocation (Biere and Goverse, 2016). In this regard, our analysis provided new insights into the coordinated cell-to-cell communications between the nematode-induced galls and neighboring root cells. We observed downregulation of a substantial number of basal defense response genes, both in galls and neighboring root cells at the 4-dpi time point (Figure 2.5). However, at 11 dpi, the downregulation of the majority of these genes was restricted to gall cells, suggesting a transition of defense suppression from local/systemic state into local state. This hypothesized transition is likely the result of a switch in plant communication system prioritizing the production and transport of nutrients to the nematode feeding cells. Our analysis also provided evidence involving jasmonic acid signaling in the coordinated cell-to-cell communications between galls and neighboring root cells. Notably, auxin and cytokinin signaling genes were enriched among the similarly downregulated genes in galls and neighboring cells at 4 dpi, whereas genes involved in jasmonic acid mediated signaling pathway were enriched among the similarly upregulated genes, providing suggestive evidence for suppression of auxin and cytokinin signaling in these tissues. This suggestion is supported by our finding that several auxin response factors (ARFs) and two-component response regulators (type-B ARRs), which are involved in auxin– and cytokinin–mediated signaling (Chandler, 2016; Kieber and Schaller, 2018), respectively, were downregulated in galls and neighboring cells at 4 dpi. In contrast, genes encoding auxin/indole-3-acetic acid proteins (Aux/IAAs) and cytokinin oxidases, which inhibit auxin and cytokine signaling, respectively (Chandler, 2016; Piya et al., 2014; Werner et al., 2006), were upregulated. Unlike auxin and cytokinin, the activation of numerous genes involved in jasmonic acid biosynthesis and signaling suggests a role of jasmonic acid and its metabolite methyl jasmonate, produced upon nematode infection, in systemic signal transmission and cell-to-cell communication. The function of JA and MeJA in short- and long-distance signal transmission has been well established in various plant species including tomato (Heil and Ton, 2008; Ruan et al., 2019). In this regard, the systemic reprogramming of cells adjacent to the infection sites at early infection stage seems to be critical for creating favorable environments for successful nematode infection by facilitating nutrient flow to the giant-cells. The enrichment of genes involved in translation, cellular catabolic process, vesicle-mediated transport, protein folding, targeting, and degradation, organelle organization, and cell communication supports this view. 

Plant transcription factors play key regulatory functions controlling various developmental and physiological processes that determine cell identity (Xu et al., 2021). Here, we cataloged about 800 differentially expressed transcription factors belonging to various families, expanding the limited list of regulatory factors functioning during M. incognita – tomato interactions. Members of the bHLH, bZIP, GATA, ERF, MYB, WRKY and ZF families constituted a significant portion of these factors while members of these families have been shown to regulate plant-nematode interactions (Huang et al., 2022; Jin et al., 2011; Kumar et al., 2023; Liu and Mitchum, n.d.; Piya et al., 2017; Ribeiro et al., 2024; Xu et al., 2019); however, combinatorial interactions between TFs belonging to the same or different families may determine the specificity of the regulatory networks required for gall formation and development. Consistent with this notion, various members of the bHLH, MYB, and bZIP families have been found to form homo- and hetero-dimers with proteins from the same or other families that impact their regulatory function and specificity (Alves et al., 2013; Dubos et al., 2010; Jin et al., 2011; Pireyre and Burow, 2015). Our analysis also suggests that members of the transcription factor families E2F, GTE, and HD may contribute to gene expression specificity, because they exhibited unique expression patterns in galls or neighboring root tissues. Our analysis also revealed that all differentially expressed transcription factors belonging to the TGA family were downregulated. This may be related to the function of these factors in regulating defense-related genes through physical association with NPR1 (NON-EXPRESSOR OF PR1), a key regulator of immunity (Zhang et al., 1999). These factors also function in plant immunity in an NPR1-independent manner (Gatz, 2013; Tomaž et al., 2022). Notably, several Trihelix and Scarecrow-like transcription factors exhibited distinct and overlapping expression patterns in galls and neighboring cells, suggesting that spatial and temporal activities of these factors may contribute to nematode infection success. The potential functional importance of these factors is supported by the findings that members of these families were targeted by M. incognita effectors (Huang et al., 2006; Zhao et al., 2024). 

Unlike the TGA family members, we found that all differentially expressed transcription factors of the E2F family were upregulated, indicative of cell cycle activation during nematode parasitism, considering the fundamental functions of these factors in regulating genes involved in cell cycle progression and DNA synthesis (Del Pozo et al., 2006). This indication was further supported by the enrichment of genes involved in mitotic cell cycle among the 11-dpi gall specific DEGs in which 66 out of 72 genes were upregulated. This is consistent with previous findings showing activation of several core cell cycle genes in nematode induced-feeding sites and galls (De Almeida Engler et al., 2012, 1999; De Almeida Engler and Gheysen, 2013; Favery et al., 2002; Niebel et al., 1996; Vieira et al., 2014, 2013). The functional distribution of these genes across various cell cycle stages and checkpoints (Figure 2.4) shows how M. incognita exerts tight control over the cell cycle process as a whole during infection that results in an increase of ploidy levels in giant-cells and accelerated mitotic activity of surrounding cells. Interestingly, among the cell cycle-related genes we identified several involved in cell cycle checkpoints including, for example, cyclin-dependent kinases, AURORA kinases, and the mitotic checkpoint proteins BUBR1, BUB1 and BUB3. The abundance and differential regulation of these genes may play roles in switching ordinary mitotic cell cycle in giant-cells to aberrant cell cycle involving acytokinetic mitosis and endoreduplication to increase nuclear ploidy levels required for giant-cell ontogeny and enlargement (Caillaud et al., 2009; de Almeida Engler et al., 2015).

Our analysis of AS events in galls and adjacent root tissues revealed key features of spliceome reprograming during M. incognita infection. First, spliceome reprograming induced by M. incognita is profound, accounting for 9064 events from 2898 genes. Second, M. incognita modulates pre-mRNA splicing at 4 dpi to a much higher degree compared to the 11-dpi time point (8852 events vs 2536). This is consistent with the concept that AS is dynamic in actively dividing cells and differentiating tissues (Niyikiza et al., 2020; Shen et al., 2014; Thatcher et al., 2014). However, we found that AS events in adjacent root tissues were more prevalent than in galls (8183 events vs 3205). This indicates that cells adjacent to M. incognita-induced galls undergo massive post-transcriptional programming involving notable AS, highlighting the essential roles of these cells in establishing the compatibility of the interactions. Third, we found that 52% (1179 events) of the AS events detected in galls at 4 dpi were also identified in the adjacent root cells but this overlap was diminished to only 16% at the 11-dpi time point. This finding indicates that, similar to the transcriptome programming, AS in galls and adjacent root tissues are highly coordinated specifically at the early stages of infection despite the mechanism underlying this coordination remains to be determined. Fourth, M. incognita-induced AS appears to be linked to gene expression levels particularly in galls. For example, 58.7% and 54% of the DSGs identified in galls at 4 and 11 dpi, respectively, were differentially expressed. In adjacent root cells, this percentage dropped to 48.4% and 14.5% for the 4 and 11 dpi, respectively. A similar association has been previously reported (Niyikiza et al., 2020). The substantial overlaps between DSGs and DEGs particularly in galls indicate that transcriptome and spliceome reprograming driven by M. incognita infection is mechanistically linked. This can be explained by the functional association between the RNA polymerase II (pol II) and splicing factors where pol II elongation rates regulate AS, and splicing factors can reciprocally alter pol II elongation (Kornblihtt et al., 2004). This association can also be mediated through a set of co-regulated transcription factors and splicing factors or through regulatory factors with dual functions in gene transcription and splicing.

The splicing patterns revealed suppression of IR and exon usage events in galls and to a much higher degree in the neighboring cells at 4 dpi.  However, at 11 dpi this pattern was reversed in the neighboring cells with IR and exon usage events being more abundant as compared with the corresponding non-infected root tissues. These data suggest that suppression of IRs facilitates M. incognita infection of tomato. This can be explained by the fact that IR frequently produces premature termination codons (Reddy et al., 2013), and suppression of these events in galls and neighboring cells would reduce the accumulation of non-functional transcripts, thereby enhancing the translation efficiency of functional transcripts, and hence plant susceptibility. In accord with this view, it has been shown that IR events accumulate to a much higher magnitude in the resistant interactions compared with susceptible interactions (Howard et al., 2013; Laskar et al., 2023). Our analysis also suggests that DUEs, which leads to exon skipping events, may contribute to the establishment of plant–nematode interactions.  Protein domain analysis revealed that differential usage of exons can alter protein domain arrangement, and subsequently the activity of various enzymes including protein kinase, lipoxygenase, and peroxidase, for instance. The enrichment of the peroxidase domain among the DUEs is remarkable and suggests that AS of peroxidase-encoding genes plays a central role in the regulation of plant cellular responses to oxidative stress during infection. The importance of exon usage for the establishment of plant–nematode interactions was further validated by our data showing that overexpression of 4 splicing variants lacking DUEs negatively impacted gall formation and/or egg mass production. These splicing variants may produce protein isoforms with distinct structures, biological functions, cellular localizations, and protein interaction networks that interfere with successful nematode parasitism. 

In conclusion, our study has revealed extensive transcriptome and spliceome reprogramming that occurs during the compatible interaction between M. incognita and tomato plants and has pointed to possible mechanisms of action that facilitate this interface. Our analyses also indicate that widespread modulations of gene expression and AS events occurring systemically in cells adjacent to the M. incognita-induced galls represent important features of this interaction. Together, our data documented in the current study provides the foundation for future studies to investigate the importance of local and systemic changes in gene expression and AS with respect to gall ontogeny and nematode parasitism. 

[bookmark: _Toc172584022]MATERIALS AND METHODS
[bookmark: _Toc172584023]Plant Material and growth conditions
Tomato (Solanum lycopersicum) cultivar Heinz 1706 was used in all experiments described in this study. Plants were grown in controlled growth chambers at 26C under 16-h-light/8-h-dark conditions. 

[bookmark: _Toc172584024]Nematode inoculation, tissue collection, and RNA-seq library construction
Seeds were surface-sterilized and germinated in sterile topsoil (Promix BK25 Peat/Bark Based).  Then, two-week-old tomato seedlings were transferred to pots containing a sterilized mixture of sand and topsoil at a 3:1 ratio. Each plant was inoculated with about 300 second-stage juveniles of M. incognita or a mock 0.1% agarose solution (control). Inoculated and control plants were organized in a randomized complete block design in a growth chamber at 26C under 16-h-light/8-h-dark conditions and 65% humidity. Galls, neighboring regions, and non-infected whole roots were collected at 4- and 11-day post inoculation(dpi) in 3 biological replicates, resulting in a total of 18 samples. Approximately 250 galls and neighboring regions were collected for each replicate. Isolation of DNA-free RNA was performed using Direct-zolTM RNA Miniprep Plus Kit (Zymo Research) following the manufacturer’s protocol. rRNA depleted RNA-seq libraries were prepared using rRNA-depleted RNA and a NEBNext Ultra Directional RNA Library Prep Kit for Illumina (New England Biolabs, Beverly, MA, USA) according to the manufacturer’s protocol. The libraries were sequenced using the NovaSeq 6000 platform (Illumina Corp., San Diego, CA, USA) with 150-bp paired-end reads.

[bookmark: _Toc172584025]RNA-seq data analysis
Quality assessment of sequenced reads was performed using FastQC software (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). After removing the low-quality reads and adapter sequences with TRIMMOMATIC, version 0.39.1 (Bolger et al., 2014), the remaining high-quality paired-end reads were mapped to the S. lycopersicum genome version SL4.0 using STAR (version 2.7.9a), (Dobin et al., 2013). Duplicated reads were removed using PICARD (http://broadinstitute.github.io/picard/), version 2.25.2. Reads mapped to the tomato genome were counted using HTSEQ (Anders et al., 2015), version 0.13.5. Differentially expressed genes (DEGs) were identified using DESEQ2 package (Love et al., 2014) version 1.30.1 in R studio using an adjusted P value cutoff of 0.05. Gene annotation was conducted using Heinz 1706 tomato gene descriptions (ITAG4.0), available at https://solgenomics.net/. 

[bookmark: _Toc172584026]Alternative splicing analysis
Differentially used exons (DUE) and intron retention (IR) events were determined using the R package JUNCTIONSEQ (Hartley and Mullikin, 2016), which utilizes QORTS quality-control/data-processing software (Hartley and Mullikin, 2015) for read quality control counts. Reads mapped to each non-overlapping exons and splice junctions were counted and used to determine DUE and IR events using DESEQ2 (Love et al., 2014), with a false discovery rate (FDR) cut off of 5% as recently described (Niyikiza et al., 2020).

[bookmark: _Toc172584027]Gene Ontology enrichment analysis 
Gene Ontology (GO) term enrichment analysis of DEGs was performed using PANTHER version 18.0 with Fisher’s exact test and Bonferroni multi-test correction with a cut off P-value of 0.01 for significance. 

[bookmark: _Toc172584028]Generation of transgenic tomato hairy roots and nematode infection assays
The full-length coding sequences as well as differentially spliced variants of Solyc01g079260 (lacking exon 3), Solyc11g032100 (lacking exon 2), Solyc12g013650 (lacking exon 2), and Solyc03g094160 (lacking exon 4) were synthesized and cloned in the pG2RNAi2 vector under the control of a strong ubiquitin promoter. Primer sequences used for cloning are provided in Supplementary Data Table 11. The pG2RNAi2 binary vector contains a super folded green fluorescent protein (sGFP) for the identification of transgenic hairy roots. All constructs were confirmed by sequencing, and then were transformed into Agrobacterium rhizogenes strain K599 and used for generating transgenic tomato hairy roots in the susceptible Heinz 1706 background. The roots of one-week-old seedlings were removed, and the seedlings were vacuum-infiltrated with agrobacterium suspension (OD600 of 1.0) four times each for 90 seconds. The infiltrated seedlings were maintained under high humidity conditions (65%) in a growth chamber with 16-h-light/8-h-dark conditions at 26 °C for three weeks. The generated hairy roots were then screened using a dissecting microscope containing GFP filter to identify transgenic hairy roots. Composite plants with GFP-positive roots were planted in pots containing topsoil (Premier Pro-Mix BK25 Peat/Bark Based Growing Soil), and inoculated with approximately 500 freshly hatched second-stage juveniles of M. incognita. Six weeks after inoculation, the number of galls per plant and number of eggs per gram of root tissues were determined. The infection experiments were organized in a randomized complete block design with between 15–20 replicated plants per construct. Statistically significant differences between overexpression and control plants expressing the empty vectors were calculated using analysis of variance with P < 0.05. 

[bookmark: _Toc172584029]Reverse-transcription quantitative PCR (RT-qPCR) assay
To confirm the functionality of overexpression constructs, total RNA was extracted from transgenic hairy roots overexpressing the full-length coding sequences and differentially spliced variants of Solyc01g079260, Solyc11g032100, Solyc12g013650, and Solyc03g094160 as previously described (Verwoerd Theo et al., 1989) and subjected to RT-qPCR quantification using gene specific primers (Supplementary Data Table 11). Total RNA was also extracted from transgenic hairy roots expressing the empty binary vector and used as control. To quantify the expression levels of various splicing events, total RNA was isolated from galls and neighboring root regions at 4 and 11 dpi.  Total RNA was also isolated from non-infected root tissues at each time point and used as control. Primers were designed to specifically amplify the directed intron or exon in each splicing event (Supplementary Data Table 11). RT-qPCR quantifications were conducted using Verso SYBR green 1-step RT-qPCR (Thermo Fisher Scientific), with 20 ng of RNA per reaction, following the manufacturer's instructions. Gene expression values were normalized using actin (Solyc11g005330.2.1) as a reference gene. Relative fold change values were calculated using three biological samples. Each reaction was performed with three technical replicates. Statistically significant differences between control and overexpression samples were determined by t-tests (P < 0.05). 


Data availability
RNA-sequencing data described in this paper have been submitted to the NCBI database, Gene Expression Omnibus under accession no GSE232828.
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[bookmark: _Toc173220809]Figure 2.1: M. incognita induces transcriptome reprograming in an infection stage
A: Venn diagram showing overlapping and uniquely differentially expressed genes (DEGs) between galls and neighboring root cells (NR) at 4 and 11 dpi.
B: Heat map representation of GO terms significantly enriched among DEGs unique to galls and neighboring cells at 4 and 11 dpi. GO term enrichment analysis was performed using PANTHER version 18.0 with Fisher’s exact test and Bonferroni multi-test adjustment with a cutoff P-value of 0.01 for significance.
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[bookmark: _Toc173220810]Figure 2.2: M. incognita induces parallel transcriptome reprogramming in galls and neighboring cells.
A and B: Venn diagrams of differentially upregulated and downregulated genes identified in galls and neighboring cells at 4 (A) and 11 (B) dpi.
C: Heat map representation of GO terms significantly enriched among similarly regulated genes in galls and adjacent roots tissues at 4 and 11 dpi. GO term enrichment analysis was performed using PANTHER version 18.0 with Fisher’s exact test and Bonferroni multi-test adjustment with a cutoff P-value of 0.01 for significance.
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[bookmark: _Toc173220811]Figure 2.3: Classification of differentially expressed transcription factors identified in galls and adjacent roots cells at 4 and 11 dpi.
Shown are fold change values of differentially expressed transcription factors belonging to various families/subfamilies. Each transcription factor is represented by a dot. Black dots denote transcription factors that were similarly regulated in galls and adjacent roots cells at the 4 or 11 dpi time points. Red dots denote transcription factors that were specifically regulated in galls or adjacent roots cells at 4 or 11 dpi.
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[bookmark: _Toc173220812]Figure 2.4: Schematic representation showing distribution of differentially expressed cell cycle-related genes identified in the 11-dpi galls across various cell cycle phases.
Upregulated genes are indicated in black, whereas downregulated genes are indicated in red. Gene expression values and annotations are provided in Supplementary Data Table 6.
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[bookmark: _Toc173220813]Figure 2.5: Local and systemic suppression of defense response in galls and neighboring root cells.
Fold change plot of downregulated defense-related genes in galls and neighboring root cells at 4 and 11 dpi. Bubble size represents the level of downregulation for each gene.
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[bookmark: _Toc173220814]Figure 2.6: Modulation of pre-mRNA splicing during M. incognita infection.
A-D: MA plots comparing fold change values against the mean of the normalized counts of differentially spliced events determined in galls (A and C) and neighboring region (NR) (B and D) at 4 and 11 dpi. Red dots represent significantly differentially spliced events. DUE: differentially used exons; IR: intron retention.
E: RT-qPCR quantification of the expression levels of differentially spliced events in galls and NR at 4 and 11 dpi. Shown are the fold change values of 6 exon skipping (ES) and 6 IR events in galls or NR at 4 and 11 dpi relative
to the corresponding non-infected control root tissues. Data are the mean ± SE of three biological replicates.
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[bookmark: _Toc173220815]Figure 2.7: Impact of differentially used exons on protein domain organization.
The bubble plot illustrates the most common protein domains identified in the differentially used
exons in galls and neighboring cells at 4 and 11 dpi. The size of each bubble represents the number of functional protein domains allocated to each group.
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[bookmark: _Toc173220816]Figure 2.8: Impact of exon skipping events on plant response to nematode infection.
The differentially spliced variants of Solyc03g094160 (lacking exon 4), Solyc12g013650 (lacking exon 2), Solyc01g079260 (lacking exon 3), and Solyc11g032100 (lacking exon 2) were overexpressed in the susceptible tomato cultivar Heinz 1706 using transgenic hairy root system. Composite plants with GFP positive roots were and inoculated with approximately 500 second-stage juveniles of M. incognita. Six weeks after inoculation, the number of galls per plant (A and B) and number of eggs per gram of root tissues (C and D) were determined. Full-length coding sequences of these four genes were also overexpressed for comparison. Data are presented as mean ± SE. Each dot represents one data point. Statistically significant differences between overexpression and control plants expressing the empty vector were calculated using ANOVA (* P < 0.05).
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[bookmark: _Toc173220817]Supplementary Fig. S2.1: Images showing examples of dissected galls and neighboring regions at 4- and 11-days post M. incognita infection.
A and B: Dissected galls and neighboring regions (NR) at 4 (A) and 11 (B) days post M. incognita
infection.
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[bookmark: _Toc173220818]Supplementary Fig. S2.2: Significantly enriched GO terms among differentially spliced genes identified in galls and neighboring root cells (NR) at 4- and 11-days post M. incognita infection.
Gene Ontology (GO) term enrichment analysis of differentially spliced genes (DSGs) was performed using PANTHER with Fisher’s exact test and Bonferroni multi-test for correction with a cut off P-value of 0.01 for significance.
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[bookmark: _Toc172584033]ABSTRACT
Long non-coding RNAs (lncRNAs) are emerging as key regulators of various aspects of immune response and plant-pathogen interaction. However, the regulatory functions of lncRNAs during plant-nematode interactions remain largely elusive. In this study, we investigated the differential regulation and function of lncRNAs during two distinct stages of tomato infection by the root-knot nematode Meloidogyne incognita. At the early stage of infection, 2218 and 2827 lncRNAs were regulated locally in the M. incognita–induced galls and systemically in the neighboring root cells, respectively. However, at the later stage of infection, the number of M. incognita–regulated lncRNAs was dramatically reduced with only 49 lncRNAs being identified as differentially expressed. Differentially expressed lncRNAs were predicted to encode peptides that contain functionally annotated domains such as DNA binding, RNA binding, and protein-protein interaction domains, highlighting the potential of these peptides to regulate gene expression, RNA stability and splicing, and protein-protein-interaction networks. Among the differentially expressed lcRNA, 55 were found to contain putative binding sites for 56 miRNAs. Functional analysis of the miRNA mimic function of lncRNAs using transgenic hairy roots and agroinfiltration resulted in the identification of two novel regulatory modules involving miR47 and miR156e-5p and their targeted genes that regulate tomato responses to M. incognita parasitism. Overexpression of 5 lncRNAs significantly increased tomato resistance to M. incognita, supporting the functional importance of lncRNAs for establishing tomato – M. incognita interaction. Taken together, our data open a new avenue to engineer crop plants with enhanced nematode resistance by leveraging the regulatory potential of lncRNAs.

Keywords: lncRNAs, root-knot nematodes, Meloidogyne incognita, tomato, galls, miRNA mimic function 



















[bookmark: _Toc172584034]INTRODUCTION
Though eukaryotic genomes contain up to 90% transcribed sequences (Wilhelm et al., 2008), only 1-2% of these transcribed sequences code for proteins (Birney et al., 2007), implying that a significant portion of the eukaryotic genome generates an unexpected amount of RNA molecules lacking the ability to code for proteins. These are collectively known as noncoding RNAs (ncRNAs). Although these nc-RNAs were originally believed to be junk RNA, they have been shown recently to play crucial regulatory functions controlling various cellular processes (Urquiaga et al., 2020, Sharma et al., 2022). ncRNAs are classified into two major categories based on the size of their transcripts. ncRNA with over 200 nucleotides in length are categorized as long non-coding RNAs (lncRNAs), while those shorter than 200 nucleotides are classified as short non-coding RNAs (Ghildiyal and Zamore, 2009). LncRNAs control the expression of genes at different levels through a variety of mechanisms, including RNA decay and nuclear organization (Chekanova, 2015), post-translational protein modifications (Fonouni-Farde et al 2021), transcription (Kindgren et al., 2018), alternative splicing (Bardou et al., 2014), and translation (Bazin et al., 2017).

Short non-coding RNAs can be classified into two main categories, including regulatory and structural short non-coding RNAs. Members of regulatory short non-coding RNAs include microRNAs (miRNAs) and small interfering RNAs (siRNAs), whereas transfer RNAs (tRNAs), ribosomal RNA (rRNAs), small nuclear RNAs (snRNAs), and small nucleolar RNAs (snoRNAs) are considered as structural short non-coding RNAs (Bhogireddy et al., 2021). Unlike short non-coding RNAs, lncRNAs possess a 5' cap and a 3' poly A tail, similar to coding mRNAs, and are known to be considerably large, spanning sometimes hundreds of kilobases in length (Chekanova, 2015). lncRNAs are primarily classified into four groups based on their genomic location: long intergenic non-coding RNA (lincRNA), long intronic non-coding RNA, sense lncRNAs, and antisense lncRNAs (Ding et al., 2012). lncRNAs have the ability to influence various aspects of gene regulation by targeting various genic regions including promoters, untranslated regions (UTRs), exons, introns, and termination regions (Wierzbicki et al., 2021). In addition, lncRNAs can function as cis-acting elements, regulating genes in close proximity, or as trans-acting elements, regulating genes at locations distant from their own site of transcription (Deforges et al., 2019).

One of the most recognized functions of lncRNAs is their ability to act as endogenous target mimics for miRNAs, as several lncRNA transcripts have been shown to contain mimic binding sites of miRNA target genes (Wu et al., 2013). In this function, miRNA – lncRNAs interaction hinders the capability of microRNAs to interact with their target mRNAs, thereby sequestering the activity of miRNAs as post transcriptional regulators (Kang and Liu, 2015). The first endogenous target mimic discovered in plants was the Arabidopsis INDUCED BY PHOSPHATE STARVATION1 (IPS1), which was found to control phosphate homeostasis by sequestering the activity of miR399 and increasing the expression of its target mRNAs (Franco-Zorrilla et al., 2007). In tobacco, the lncRNA nta-eTMX27 was reported to function as a target mimic for nta-miRX27, inhibiting its post transcriptional degradation of QPT2, a key gene involved in nicotine biosynthesis (Li et al., 2015). The miRNA target mimicry functions of lncRNAs have been also demonstrated to regulate plant – pathogen interactions. For example, the tomato Sl-lncRNA15492 and lncRNA23468 were reported to interact with miR482a and miR482b, respectively, and regulate plant immunity upon infection with Phytophthora infestans (Jiang et al., 2019, 2020). Similarly, it has been shown that lncRNA39026 positively regulates plant defense response against P. infestans in tomato by acting as a target mimic for miR168a (Hou et al., 2020). In addition, overexpression of Arabidopsis lncRNA ELENA1 increased the expression of defense-related genes, pointing into a possible role of lncRNAs in regulating plant defense responses (Mach, 2017). In rice, overexpression of the lncRNA ALEX1 resulted in activation of JA pathway and increased resistance to the bacterial pathogen Xanthomonas oryzae pv. oryzae (Yu et al., 2020).

Root-knot nematodes of the genus Meloidogyne are widely distributed root pathogens with profound agricultural impacts as more than 2000 plant species have been recognized as hosts (Sasser, 1987). After hatching from eggs, the infective second-stage juveniles (J2s) penetrate the root tips or near the root hairs and migrate intercellularly towards the vascular cylinder where they establish a specialized and permanent feeding site known as giant-cells. Giant-cells enlarge in size and provide nutrients to the nematode throughout its lifecycle. The formation of giant cells leads to localized cell proliferation and enlargement, causing the characteristic root galls or knots (Berg et al., 2009). Root galling interferes with the normal function of the root system resulting in significant yield losses, both in terms of quantity and quality. Recent experimental evidence revealed differential regulation of lncRNAs during the parasitic interactions between nematodes and host plants. For example, 565 and 425 lncRNAs were identified as differentially expressed in tobacco and rice upon infection with the root-knot nematodes M. incognita, and M. graminicola, respectively (Li et al., 2018; Verstraeten et al., 2021). In peanut, the expression of 4439 lncRNAs was significantly altered upon infection with M. incognita (Xu et al., 2022). In soybean, analysis of publicly available RNA-seq data of root tissues inoculated with soybean cyst nematode (Heterodera glycines) and reniform nematode (Rotylenchulus reniformis) led to the identification of 42 and 111 differentially expressed lncRNAs, respectively, some of which were predicted to function as target mimics for miR156, miR319, and miR396 (Khoei et al., 2021), whose functions in plant-nematode interactions have been previously reported (Hewezi et al., 2012; Zhao et al., 2015; Noon et al., 2019; Yin et al., 2019). Although these studies point to key regulatory roles of lncRNAs during plant – nematode interactions, insights into the exact molecular functions of nematode – regulated lncRNA are lacking. 

In this study, we identified and functionally characterized lncRNAs regulated by M. incognita in galls and neighboring root regions in tomato at two diverse stages of infection. We identified a substantial number of differentially expressed lncRNAs both in galls and neighboring root cells particularly at the early stage of infection with the large majority of these lncRNAs being downregulated. Our analyses revealed that differentially expressed lncRNAs encode putative peptides with functional domains and contain putative mimic interaction sites for miRNAs. Overexpression of 5 differentially expressed lncRNAs significantly reduced tomato susceptibility to M. incognita, supporting the biological significance of the nematode – regulated lncRNAs. The miRNA mimic function of 3 lncRNAs was confirmed, leading to the identification of two novel regulatory modules involving miR47 and miR156e-5p and their targeted genes.

[bookmark: _Toc172584035]RESULTS
[bookmark: _Toc172584036]Identification of differentially expressed long non-coding RNAs
rRNA depleted RNA-seq libraries prepared from galls, neighboring root tissues, and the corresponding non-infected whole roots at 4-and 11-day post infection (dpi) (Ozdemir et al., 2024) were mapped against the entire set of 79,322 lncRNAs encoded by the tomato genome (Wang et al., 2018) to identify differentially expressed lncRNAs. Using a false discovery rate (FDR) less than 5%, we identified 2218 and 2827 differentially expressed lncRNAs in galls and adjacent root cells, respectively, in comparison with non-infected roots at 4 dpi. Volcano plot representations of log2 fold-change values versus log10 FDR values of differentially expressed lncRNAs indicate that the large majority of these lncRNAs (blue dots in Figure 3.1A and B) are less abundantly expressed in the galls and neighboring root tissues as compared with non-infected root tissues. This finding indicates that M. incognita suppresses the accumulation of lncRNAs both locally in the galls and systemically in the neighboring root cells during the early stage of infection. 

At 11 dpi, however, the number of differentially expressed lncRNAs was dramatically reduced with only 48 and 1 lncRNAs being identified as differentially expressed in galls and adjacent root tissues, respectively, in comparison with the corresponding non-infected control root samples. Volcano plot representations of these 49 lncRNAs show that 45 lncRNAs are more abundantly expressed in the galls and neighboring root tissues versus non-infected root tissues (red dots in Figure 3.1C and D), implying that M. incognita activates the accumulation of a limited number of lncRNA transcripts in fully-developed galls.

[bookmark: _Toc172584037]Two-thirds of the differentially expressed lncRNAs overlap with various features of protein-coding genes. 
To gain insights into the potential regulatory function of the differentially expressed lncRNAs, we mapped these transcripts to various features of protein-coding genes, including promoter, gene body, and untranslated regions (UTR). Among the 4 dpi-gall differentially expressed lncRNAs, we found that 8, 268, and 1143 overlapped with the 3’UTR, promoter, and gene body regions, respectively (Figure 3.2A). Similarly, 12, 380, and 1594 of the differentially expressed lncRNAs detected in adjacent root tissues at 4 dpi overlapped with the 3’UTR, promoter, and gene body regions, respectively (Figure 3.2B). At 11 dpi, only 8 of galls’ differentially expressed lncRNAs overlapped with genic regions, including promoter (3) and gene body (5) (Figure 3.2C). The remaining 40 differentially expressed lncRNAs were mapped to intergenic regions (Figure 3.2C). These data indicate that 64% and 70% of the differentially expressed lncRNAs identified, respectively, in galls and neighboring root tissues at 4 dpi overlap with protein-coding genes. 

[bookmark: _Toc172584038]Differentially expressed lncRNAs encode putative peptides with functional domains
We examined whether the identified differentially expressed lncRNAs encode peptides containing motifs of known functions. First, the lncRNAs were translated in all 6 possible reading frames and predicted peptides longer than 12 amino acids were retrieved. Interestingly, the 4-dpi gall DE lncRNAs encode 2287 peptides longer than 12 amino acids with median length of 61 amino acids (Figure 3.3A). The majority (86%, 1971/2287) of the translated peptides are shorter than 100 amino acids (Figure 3.3A). The median length of the translated peptides is 61 amino acids. The DE lncRNAs in adjacent root tissues at 4 dpi were found to encode 2908 peptides with median length of 60 amino acids (Figure 3.3B). Over 87% (2534/2908) of these lncRNAs encode peptides shorter than 100 amino acids (Figure 3.3B). The 11-dpi gall DE lncRNAs were predicted to encode 50 peptides with median length of 52.5 amino acids (Figure 3.3C). The only DE lncRNA identified in NR at 11 dpi was predicted to encode a 64-amino acid peptide.

Next, we scanned the predicted translated peptides for functional motifs in the GenomeNet motif database using a cut-off E value of 0.001. The predicted peptides encoded by differentially expressed lncRNAs identified in galls or NR at 4 dpi contained various functionally annotated protein domains, including DNA binding domains (MYB, mTERF, zinc finger, CCAAT-binding) and RNA binding domains (RNA recognition motif, KH, PP2, Remorin) and protein binding domains (CCT, F-box, MFMR, and PDZ-like) (Figure 3.4). Domains involved in epigenetic modifications such as methyltransferase, core histone H2A/H2B/H3/H4, Agenet, CBFD_NFYB_HMF and those involved in cell proliferation, including EGF-like and DVL were detected (Figure 3.4). Domains related to defense response such as barwin, LURP-one-related, Peptidase_C1, Bet v 1, NPR1 interacting, and Roc were also identified (Figure 3.4). Notably, different types of zinc finger domains were detected among the predicted peptides encoded by the differentially expressed lncRNAs (Figure 3.4). These data suggest that the predicted translated peptides may regulate various biological processes that control tomato – M. incognita interactions. 

[bookmark: _Toc172584039]Differentially expressed lncRNAs contain putative mimic binding sites for miRNAs
The possibility of lncRNAs to function as target mimics for mature miRNAs was examined by searching lncRNA transcripts for the presence of canonical miRNA mimic binding sites using the criteria described in the method section. Out of the 2218 gall- differentially expressed lncRNAs, 31 were predicted to contain mimic binding sequences for 31 mature miRNAs. Interestingly, one lncRNA transcript (TCONS_00210525) was predicted to carry 3 mimic binding sites for miR101, miR509, and miR399. We also found that different lncRNAs contain putative mimic binding sites for the same miRNA. For example, both nonstrand_TCONS_00003358 and TCONS_00156944 contained mimic sites for miR2619b-5p. Similarly, TCONS_00045901 and TCONS_00110037 were found to have putative binding sites for miR3948.

Among the differentially expressed lncRNAs identified in neighboring root cells at 4 dpi, 45 transcripts were predicted to contain putative mimic binding sites for 49 miRNAs. Of note is that 3 lncRNAs were predicted to carry at least 2 miRNA mimic binding sites, including TCONS_00210525 (described above), TCONS_00043573, and TCONS_00212798 (Supplemental Table 7). TCONS_00043573 transcript was predicted to carry binding sequences for miR408b-5p and miR1886g-3p; and TCONS_00212798 was predicted to carry binding sequences for miR395 and miR395a. 

[bookmark: _Toc172584040]Differentially expressed lncRNAs impact tomato susceptibility to M. incognita 
Five differentially expressed lncRNAs (TCONS_00160362, TCONS_00188971, TCONS_00041366, TCONS_00084313 and TCONS_00146883), which were predicted to have mimic binding sites for miR-47, miR156e-5p, miR403-5p, miR184, and miR698, respectively, were selected for functional analysis (Figure 3.5). The lncRNAs were overexpressed using a strong ubiquitin promoter in the background of the susceptible tomato genotype Heinz 1706 using transgenic hairy root method. The empty overexpressing vector containing the GFP reporter gene was similarly expressed and used as a negative control for comparison. Composite plants with GFP expressing roots were selected and planted in soil-sand mix to determine plant susceptibility to M. incognita. Simultaneously, biological samples of GFP-expressing roots were collected for RNA extraction and gene expression analysis. The composite plants were inoculated with approximately 500 freshly hatched second-stage juveniles of M. incognita. Three weeks after inoculation, the number of galls per plant were determined and used to determine plant susceptibility relative to control plants expressing the empty vector. As shown in figure 3.5, overexpression of the 5 selected lncRNAs significantly reduced tomato susceptibility to M. incognita in comparison with empty vector-expressing plants, with TCONS_00160362 showing the most prominent impact with 67% reduction in susceptibility (Figure 3.6). These data indicate that differential accumulation of lncRNAs upon M. infection is of biological significance and may play key regulatory functions during nematode parasitism of tomato plants.

[bookmark: _Toc172584041]lncRNAs function as target mimics for miRNAs
The impact of the aforementioned lncRNAs on significantly reducing tomato susceptibility to M. incognita prompted us to examine whether this effect is associated with the function of these lncRNAs as target mimicry for miRNAs. Therefore, transgenic hairy roots overexpressing TCONS_00160362, TCONS_00188971, TCONS_00041366, TCONS_00084313 and TCONS_00146883 were quantified for the expression of the lncRNA transcripts as well as their targeted miRNAs using RT-qPCR. In comparison with control root samples expressing the empty vector, the expression of all 5 lncRNAs was significantly increased, acknowledging the functionality of the overexpression constructs (Figure 3.7A-E). Meanwhile, the expression of miR-47, miR156e-5p, and miR403-5p, which were predicted to have mimic sites in TCONS_00160362, TCONS_00188971, TCONS_00041366, respectively, were significantly downregulated showing 0.33-, 0.38-, and 0.08-fold relative to control root samples (Figure 3.7A-C), supporting the miRNA mimic function of these 3 lncRNAs. In contrast, the expression levels of miR184 and miR698, which were predicted to have mimic sequences in TCONS_00084313 and TCONS_00146883, respectively, were upregulated showing 2.17 and 5.49-fold (Figure 3.7D-E), arguing against the miRNA mimic function of these 2 lncRNAs.

To provide additional insight into the lncRNA – miRNA interaction, we measured the abundance of target genes of miR47 (Solyc10g018140 and Solyc01g087170), miR156e-5p (Solyc10g005450 and Solyc03g097670), and miR403-5p (Solyc12g095860) in the same transgenic hairy root samples. Consistent with the downregulation of miR47, its two targets Solyc10g018140 and Solyc01g087170 were significantly upregulated (Figure 3.7A). The same outcome was observed for miR156e-5p and its two targets Solyc10g005450 and Solyc03g097670 (Figure 3.7B). However, the expression of Solyc12g095860 did not appear to be negatively regulated by miR403-5p. Together, our results imply that TCONS_00160362 and TCONS_00188971 function as target mimics and inhibit the expression of mature miR47 and miR156e-5p, respectively, leading to upregulation of the targeted genes. 

[bookmark: _Toc172584042]Functional validation of miRNA mimic function of lncRNAs using agroinfiltration assay
We further used agroinfiltration assay to confirm the regulatory function of TCONS_00160362 and TCONS_00188971 as target mimics for miR47 and miR156e-5p, respectively. In this assay, we fused Solyc10g018140 to yellow fluorescent protein (YFP) and expressed in Nicotiana benthamiana leaves alone (Solyc10g018140:YFP), in combination with miR47 (Solyc10g018140:YFP + miR47), or in combination with miR47 and the lncRNA TCONS_00160362 (Solyc10g018140:YFP + miR47 + TCONS_00160362. N. benthamiana leaves were also infiltrated with Solyc10g018140:YFP in combination with TCONS_00160362 (Solyc10g018140:YFP + TCONS_00160362) and used as negative control. The same experimental design was applied for Solyc10g005450:YFP, which was expressed in combination with miR156e-5p (Solyc10g005450:YFP + miR156e-5p) or in combination with miR156e-5p and TCONS_00188971 (Solyc10g005450:YFP + miR156e-5p + TCONS_00188971). Leaves simultaneously infiltrated with Solyc10g005450:YFP and TCONS_00188971 (Solyc10g005450:YFP and TCONS_00188971) were used as negative control. YFP signal was examined in all of these treatments at 48 hours after inoculation using confocal microscopy. Leaves infiltrated with Solyc10g018140:YFP showed strong YFP signal (Figure 3.8A). However, the intensity of these signals was reduced in leaves infiltrated with Solyc10g018140:YFP + miR47 (Figure 3.8B), supporting the role of miR47 as a negative regulator of Solyc10g018140. The negative regulatory function of miR47 was abolished in leaves infiltrated with Solyc10g018140:YFP + miR47 + TCONS_00160362 (Figure 3.8C), supporting the function of TCONS_00160362 as a target mimic for miR47. The negative control treatment (Solyc10g018140:YFP + TCONS_00160362) showed YFP signals similar to that of Solyc10g018140:YFP (Figure 3.8A and D). Similarly, the strong YFP signals detected in leaves infiltrated with Solyc10g005450:YFP construct (Figure 3.8E) were significantly reduced in leaves infiltrated with Solyc10g005450:YFP + miR156e-5p (Figure 3.8F), confirming the post transcriptional regulation of Solyc10g005450 by miR156e-5p. Leaves infiltrated with Solyc10g005450:YFP + miR156e-5p + TCONS_00188971 showed strong YFP signals (Figure 3.8G), implying that miR156e-5p’s function was suppressed by TCONS_00188971. The negative control treatment (Solyc10g005450:YFP + TCONS_00188971) exhibited strong YFP signals (Figure 3.8H), indicating that TCONS_00188971 had no direct impact on Solyc10g005450:YFP.

The YFP signals in all these treatments were also measured relative to non-infiltrated leaves (Figure 3.8I) using a spectrofluorometer. The quantitative measurements agree with the observed YFP signals and showed reduced signals in leaves infiltrated with Solyc10g018140:YFP + miR47 or Solyc10g005450:YFP + miR156e-5p, but these signals were significantly higher in leaves infiltrated with Solyc10g018140:YFP + miR47 + TCONS_00160362 or Solyc10g005450:YFP + miR156e-5p + TCONS_00188971 (Figure 3.7 J and K). Collectively, these assays confirm the function of TCONS_00160362 and TCONS_00188971 as target mimics for miR47 and miR156e-5p, respectively. 

[bookmark: _Toc172584043]DISCUSSION
In this study, we identified and functionally characterized lncRNAs in M. incognita–induced galls and neighboring regions at 4 and 11 dpi, which reflect two distinct stages of young and fully-developed galls. Our analyses revealed key characteristics of the M. incognita–regulated lncRNAs. First, our data indicate that M. incognita impacts the abundance of a substantial number of lncRNAs both in galls and neighboring root cells particularly at the early stage of infection, with the large majority of these lncRNA being downregulated in galls and NR as compared with non-infected roots. Similarly, two-thirds of the lncRNAs identified in galls induced by M. graminicola in rice were downregulated (Verstraeten et al., 2022). Increased numbers of differentially expressed lnRNAs during the early stage of infection versus later stage may be related to the fact that the plant immune system is rapidly responding to nematode infection that involves a wide range of signaling pathways (Huang et al., 2023) that can lead to transcriptional regulation of many lncRNAs. In addition, the early stages of infection might require a broad and dynamic regulation of gene networks, leading to differential expression of high numbers of lncRNAs. As the infection progresses and feeding sites are established, plant responses may shift towards a more regulated and less dynamic state, with only 49 lncRNAs detected as being differentially expressed. Increased numbers differentially expressed lnRNAs during early stage of infection were similarly observed in other pathosystems (Wang et al., 2020a).
Even though lncRNAs are originally known for their role in regulating gene expression without encoding proteins, recent studies have revealed that lncRNAs can encode small peptides (Ren et al., 2021). We found that the majority of DE lncRNAs encode peptides shorter than 100 amino acids with median length of approximately 60 amino acids. Our finding that the predicted translated peptides contain functionally annotated such as DNA binding domains, RNA binding domains, and protein-protein interaction domains, highlights the potential of these peptides to regulate gene expression, RNA stability and splicing, and protein-protein-interaction networks. Taking into consideration that gall formation involves various aspects of cell differentiation, epigenetic medications, and suppression of defense responses (Kyndt et al., 2013; Hewezi 2024; Hewezi 2020), the identification of domains related to these cellular processes among the differentially expressed lncRNAs may point to their importance in establishing plant-nematode interactions.  

Numerous lncRNAs in various plant species have been predicted to act as target mimics for miRNAs based on their possession of putative miRNAs binding sequences (Franco-Zorrilla et al., 2007; Li et al., 2015; Wang et al., 2017; Jiang et al., 2020; Xu et al., 2022). Similarly, we identified 55 differentially expressed lncRNAs that contain binding sites for 56 miRNAs. Interestingly, some of these miRNAs have been shown to be involved in plant-nematode interactions, including H
 glycines and Rotylenchulus reniformis, and M. incognita (RKN) (Muthusamy et al., 2019; Yang et al., 2020; Khoei et al., 2021; Xu et al., 2022). The functional importance of lncRNAs was validated by overexpressing five differentially expressed lncRNAs, which were predicted to contain mimic interaction sites for five mature miRNA molecules. lncRNAs (TCONS_00160362, TCONS_00188971, TCONS_00041366, TCONS_00084313 and TCONS_00146883), which were predicted to have mimic binding sites for miR-47, miR156e-5p, miR403-5p, miR184, and miR698 were selected for functional analysis. Considering these five lncRNAs were downregulated in the M. incognita induced galls during the compatible interaction, one can expect that overexpression of these lncRNAs would reduce plant susceptibility to M. incognita. Consistent with this hypothesis, overexpression of these five lncRNAs significantly reduced plant susceptibility to M. incognita (Figure 3.7A-E). Notably, TCONS_00160362, which showed the highest level of downregulation (-3.85) in 4 dpi galls among the five tested lncRNAs, also produced the lowest level in susceptibility when overexpressed. Thus, our results suggest that downregulation of lncRNAs at the early stage of infection may be required for mediating tomato susceptibility to M. incognita.

To further understand the mechanism underlying the reduced nematode susceptibility phenotypes of transgenic hairy root plants, we investigated the miRNA mimic function of these lncRNAs. The mimic function of TCONS_00160362, TCONS_00188971, and TCONS_00041366 was first confirmed by our data showing downregulation of miR47, miR156e-5p, and miR403-5p in transgenic hairy roots overexpressing these three lncRNAs, respectively (Figure 3.7A-C). However, the miRNA mimic function of TCONS_00084313 and TCONS_00146883 cannot be confirmed, although they carried out canonical mimic sites for miR184 and miR698. This can be explained by the fact that lncRNAs frequently have complex secondary and tertiary structures (Novikova et al., 2012; Di et al., 2014; Li et al., 2016; Corona-gomez et al., 2023) that can mask miRNA binding sites, preventing miRNAs from effectively interacting with the mimic sites. In addition, canonical mimic sites on lncRNAs may not have the same binding affinity as the actual miRNA target sites on mRNAs, resulting in weak or transient interactions that are not sufficient to sequester the activity of miRNAs. Our analyses indicate that while lncRNAs can hypothetically mimic miRNA target sites, the actual functionality need to be experimentally validated since factors such as structural complexity, binding affinity, and cellular specificity may impact this function.

Our analysis revealed that downregulation of miR47 in transgenic hairy roots overexpressing TCONS_00160362 was associated with significant upregulation of the miR47 targeted genes Solyc10g018140 and Solyc01g087170. Solyc10g018140 encodes dihydroflavonol 4-reductase (DFR), which play roles in the biosynthesis of anthocyanin and flavonols (Almeida et al., 2007; Li et al., 2017; Pourcel et al., 2013), whereas Solyc01g087170 encodes a zinc finger transcription factor involved in plant response to abiotic and biotic stresses (Xu et al., 2014). Considering the role of anthocyanin and flavonols in defense response (Falcone Ferreyra et al., 2012; Mierziak et al., 2014; Kaur et al., 2023) and the involvement of Solyc01g087170 in stress response, upregulation of both miR47 targeted genes appear to be conducive for the reduced nematode susceptibility of TCONS_00160362 overexpressing plants.

Similarly, downregulation of miR156e-5p in transgenic hairy roots overexpressing TCONS_00188971 was accompanied with increased expression of the targeted genes Solyc10g005450 and Solyc03g097670, which encode an equilibrative nucleoside transporter and an ATP binding protein, respectively. While the function of ATP binding proteins in disease resistance including root-knot nematodes was documented (Tameling et al., 2002; Jewell et al., 2019), the function of equilibrative nucleoside transporters (ENTs) in disease resistance remains limited. Nevertheless, the broad substrate specificity and transport functions of ENTs (Girke et al., 2014) could impact plant-nematode interactions. For example, ENTs can modulate the level of extracellular adenosine, a signaling molecule involved in immune responses (Bernard et al., 2011; Kesten et al., 2022; 2023). ENTs could also be involved in the transport of specific nucleoside-derived compounds, which can function as antimicrobial agents or as signaling molecules (Mohlmann et al., 2001; Traub et al., 2007; Daumann et al., 2015). Although our data support the function of TCONS_00041366 as a target mimic for miR403-5p, the reduced nematode susceptibility observed in TCONS_00041366 overexpression plants appear to be independent of any post-transcriptional regulation of the miR403-5p target gene Solyc12g095860. While Solyc12g095860 is the only target of miR403-5p that can be identified so far, additional target genes with less conserved binding sites may exist through which miR403-5p would exert its regulatory function and alter nematode susceptibility.

Our data support regulatory modules for lncRNAs functioning as miRNA target mimics during M. incognita interaction with tomato. During the compatible interaction, M. incognita induces downregulation of tomato TCONS_00160362 and TCONS_00188971, leading to upregulation of miR47 and miR156e-5p, respectively, which in turn post-transcriptionally silence their target genes to suppress defense response and facilitate plant susceptibility. In contrast, ectopic overexpression of TCONS_00160362 and TCONS_00188971 sequesters the activity of miR47 and miR156e-5p, respectively, leading to upregulation of the target genes, which sequentially activate defense responses and enhance plant resistance to M. incognita.

[bookmark: _Toc172584044]MATERIALS AND METHODS
[bookmark: _Toc172584045]Plant Material and growth conditions
Tomato (Solanum lycopersicum) cultivar Heinz 1706 was used in all experiments described in this study. Plants were grown in controlled growth chambers at 26°C under 16-h-light/8-h-dark 
conditions. 
[bookmark: _Toc172584046]Bioinformatic analysis and identification of differentially expressed lncRNAs
Ribosomal-depleted RNA-seq libraries constructed from galls and NR cells as well as non-infected whole roots at 4 and 11 dpi were described in the previous chapter. High-quality paired-end reads of the 18 libraries were mapped tomato lncRNAs sequences against the entire set of 79,322 lncRNAs present in the tomato genome (Wang et al., 2020) using STAR (version 2.7.9a, Dobin et al. 2013). Duplicated reads were removed using PICARD (http://broadinstitute.github.io/picard/), version 2.25.2. Reads mapped to lncRNA sequences were counted using HTSEQ (Anders et al., 2015), version 0.13.5. Differentially expressed lncRNAs were identified using DESEQ2 package (Love et al., 2014), version 1.30.1 in R studio using an adjusted P-value cutoff of 0.05.  BEDTOOLS-CLOSEST version V2.30.0 (Ouinlan and Hall 2010) was used to map differentially expressed lncRNAs to various annotated regions of protein-coding genes, including promoter (2 kb upstream of transcription start site) gene body, and untranslated regions.

To identify putative mimic binding site for mRNAs, mature miRNA sequences of all publicly available miRNAs were obtained from miRbase (https://www.mirbase.org/) database as well as those reported by Cheng et al., 2016. The miRNA binding sites were predicted using Generic Small RNA-Transcriptome Aligner (GSTAr, https://github.com/MikeAxtell/GSTAr), which is specifically designed for aligning miRNAs and siRNAs to RNA transcripts. The prediction was performed using two main criteria to ensure accuracy, including at least 17-nucleotide matches between lncRNA and miRNA, and the presence of 2 to 3 nucleotide gaps between the 8th and 12th bases in the miRNA sequence that prevents miRNA from lncRNA cleavage. To identify potential mRNA targets for miRNAs, GSTAr tool was used, and only mRNAs with four or less mismatches were considered as miRNA targets. 

To predict peptides encoded by the lncRNAs, the lncRNA sequences were translated in all 6 possible reading frames and predicted peptides longer than 12 amino acids were retrieved. The predicted translated peptides were analyzed for functional motifs using the GenomeNet motif database (https://www.genome.jp/tools/motif/) with a cut-off E value of 0.001 for significance. 

[bookmark: _Toc172584047]Generation of transgenic hairy roots and nematode infection assay
The sequences of TCONS_00084313, TCONS_00160362, TCONS_00041366, TCONS_00146883 and TCONS_00188971 were synthesized and cloned in the pG2RNAi2 vector under the control of a strong ubiquitin promoter. All constructs were confirmed by sequencing, and then were transformed into Agrobacterium rhizogenes strain K599 and used for generation transgenic tomato hairy roots in the susceptible Heinz 1706 background as described in the previous chapter. Composite plants with GFP positive roots were planted in pots containing topsoil (Premier Pro-Mix BK25 Peat/Bark Based Growing Soil) and inoculated with approximately 500 freshly hatched second-stage juveniles of M. incognita. Three weeks after inoculation, the number of galls per plant were determined and used to determine plant susceptibility relative to control plants expressing the empty vector. The infection assay was organized in a randomized complete block design with at least 15 replicated plants. Statistically significant differences between overexpression and control plants expressing the empty vectors were conducted using analysis of variance with P < 0.05. 

[bookmark: _Toc172584048]Reverse-transcription quantitative PCR (RT-qPCR) assays
RT-qPCR assays were conducted to quantify the expression of levels of lncRNAs, miRNAs and miRNA target genes. Total RNA was extracted from transgenic hairy roots overexpressing the coding sequences of TCONS_00084313, TCONS_00160362, TCONS_00041366, TCONS_00146883 and TCONS_00188971 using Trizol reagent (Invitrogen). Total RNA was then polyadenylated and reverse transcribed using the Mir-X miRNA First-Strand Synthesis Kit (Clonetech, Mountain View, CA, USA). Approximately 50 ng of the synthesized cDNA was used as a template in the RT-qPCR reaction containing TB green Advantage qPCR mix (Takara, Shiga, Japan) according to the manufacturer’s instructions. The mature miRNA sequences with two adenines on the 3’ end were used as forward primers to quantify the expression levels of mature miRNAs. For both lncRNAs and miRNAs quantification, mRQ 3’ primer was used as universal reverse primer. Both the U6 small nuclear RNA included in the Mir-X miRNA First-Strand Synthesis Kit (Clonetech) were used as reference genes to quantify the expression of lncRNAs and miRNAs, whereas tomato Actin (BT013524.1) gene was used as reference gene to normalize the expression levels of miRNA targeted genes. The PCR reactions were performed using the following program: 95°C for 3 min followed by 40 cycles of 95°C for 30 s and 60°C for 30 s in QuantStudio 6 Flex Real-Time PCR System (Applied Biosystems, Waltham, MA, USA). The PCR products were then exposed to a temperature ramp to generate the dissociation curves and determine amplification specificity. The dissociation program was 95°C for 15 s and 50°C for 15 s, followed by a slow gradient from 50°C to 95°C.

[bookmark: _Toc172584049]Functional validation of the miRNA target mimicry function of lncRNAs using agroinfiltration assay
To evaluate miRNA target mimicry of lncRNAs, the sequences of lncRNAs, TCONS_00188971 and TCONS_00160362 as well as the mature sequences of sly-miR156e-5p and novel-miR-47, were synthesized and cloned in overexpression pBI121vector under the control of the strong constitutive promoter cauliflower mosaic virus. The full-length coding sequences of miRNA targets, Solyc10g005450.2 and Solyc10g018140.2, were synthesized and cloned into gateway vector pDONOR221 (Thermo Fischer Scientific) using PCR primers that amplified each target gene and the attached flanking attB sequences. Homologous recombination with BP Clonase was used for pDONOR221 cloning. The donor clones were then used for interactor cloning into pGWB441 (Addgene 74827) for C-terminal fusion to eYFP. LR Clonase was used for generation of the final expression clones, which were transformed into EHA105 strain of Agrobacterium tumefaciens. To examine the mimic function of TCONS_00160362 for miR47, Solyc10g018140:YFP was expressed in N benthamiana leaves alone or in combination with miR47 or in combination with miR47 and the lncRNA TCONS_00160362. N. benthamiana leaves were also infiltrated with Solyc10g018140:YFP in combination with TCONS_00160362  and used as negative control. The same experimental design was applied to examine the mimic function of Solyc10g005450 for miR156e-5p. Agrobacterium infiltration of N. benthamiana leaves was performed as previously described (Burch-Smith et al., 2007; Hewezi et al., 2016). After 48h of agroinfiltration, spectro-fluorescence measurements were recorded using the Fluorolog®-3 spectrofluorometer, according to the manufacturer’s instructions (HORIBA Scientific, Austin, TX, version 3.8.0.60). An excitation (Ex) wavelength of 513 nm and emission (Em) range of 500-540 nm were used to obtain a fluorescence emission peak at 525 nm, specific YFP. Live plant imaging was performed on a confocal microscope using a 25-mW argon laser. Appropriate emission filters were used to image eYFP with several replicates. 
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[bookmark: _Toc173220819]Figure 3.1: Volcano plot representations of log2 fold-change values versus log10 FDR values of differentially expressed lncRNAs identified in galls and neighboring regions after Meloidogyne incognita infection.
A: Differentially expressed lncRNAs identified in galls vs noninfected whole roots at 4 dpi.
B: A: Differentially expressed lncRNAs identified in neighboring regions (NR) vs noninfected roots at 4 dpi.
C: Differentially expressed lncRNAs identified in galls vs noninfected roots at 11 dpi.
B: A: Differentially expressed lncRNAs identified in NR vs noninfected roots at 11 dpi.
Red and blue dots represent significantly differentially expressed lncRNAs, whereas black dots represent non-differentially expressed lncRNAs.
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[bookmark: _Toc173220820]Figure 3.2: Overlaps of lncRNAs with various features of protein-coding genes and intergenic regions.
A-C: Differentially expressed lncRNAs identified in 4 dpi galls (A), 4 dpi neighboring root cells (NR), and 11 dpi galls (C) were mapping to various genic and intergenic regions using BEDTOOLS-CLOSEST. 
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[bookmark: _Toc173220821]Figure 3.3: Differentially expressed lncRNAs encode putative peptides.
A-C: Length distribution of the putative peptides encoded by differentially expressed lncRNAs identified in 4 dpi galls (A), 4 dpi neighboring root cells (NR), and 11 dpi galls (C).  
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[bookmark: _Toc173220822]Figure 3.4: Differentially expressed lncRNAs encode putative peptides with functional domains.
Bubble plot showing examples of functional protein domains detected in the predicted peptides encoded by the differentially expressed lncRNAs identified in galls and NR at 4 dpi.
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[bookmark: _Toc173220823]Figure 3.5: Differentially expressed lncRNAs contain putative mimic binding sites for miRNAs
A-E: Schematic representations showing base-pairing between TCONS_00160362 and miR-47 (A), TCONS_00188971 and miR156e-5p (B), TCONS_00041366 and miR403-5p (C), TCONS_00084313 and miR184 (D), and TCONS_00146883 and miR698 (E). 
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[bookmark: _Toc173220824]Figure 3.6: Overexpression of differentially expressed lncRNAs altered tomato susceptibility to M. incognita.
The differentially expressed lncRNAs TCONS_00160362, TCONS_00188971, TCONS_00041366, TCONS_00084313, and, TCONS_00146883 were overexpressed in the susceptible tomato cultivar Heinz 1706 using transgenic hairy root system. Composite plants with GFP positive roots were selected and inoculated with approximately 500 second-stage juveniles of M. incognita. Three weeks after inoculation, the number of galls per plant were counted and used to determine plant susceptibility relative to control plant expressing the empty binary vector. Bars represent means ± SE from at least 15 replicated plants. Asterisks indicate statistically significant differences between lncRNA overexpression lines and control plants as determined using ANOVA with p values less than 0.05 considered statistically significant. 






Figure 3.7: Functional validation of miRNA target mimicry function of lncRNAs using transgenic hairy root overexpression.
Transgenic hairy roots overexpressing TCONS_00160362, TCONS_00188971, TCONS_00041366, TCONS_00084313, and TCONS_00146883 as well as the empty vector (control) were collected in three biological samples and used for RT-qPCR assays. 
A-C: Gene expression values showing overexpression of TCONS_00160362 (A), TCONS_00188971(B), and TCONS_00041366 (C) was associated with downregulation of miR47, miR156e-5p, and miR403-5p, respectively. In contrast, overexpression TCONS_00084313 (D) and TCONS_00146883 (E) was associated with increased expression of miR184 and miR698, respectively. Note that target genes of miR47 (Solyc10g005450 and Solyc03g097670) (A), and miR156e-5p (Solyc10g005450 and Solyc03g097670) (B) were upregulated as a result of miRNA downregulation, whereas the target gene of miR403-5p (Solyc12g095860) was similarly downregulated as miR403-5p (C). 
D and E: Overexpression of TCONS_00084313 (D) and TCONS_00146883 (E) was associated with upregulation miR184 and miR698, respectively, disputing the miRNA mimic function of these 2 lncRNAs.  
Fold change values represent expression levels of lncRNAs, miRNAs, and miRNA targeted genes in transgenic hairy root samples overexpressing the indicated lncRNA relative to control samples expressing the empty vector. Bars represent average of three biological samples, each with 3 technical replicates ± standard error (SE). Statistically significant differences were determined using ANOVA and designated by asterisks (P < 0.05). 
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[bookmark: _Toc173220825]Figure 3.8: TCONS_00160362 and TCONS_00188971 regulate miRNA activity Nicotiana benthamiana leaves.
A-C: YFP signals determined in Nicotiana benthamiana leaves infiltrated with Solyc10g018140:YFP alone (A), or in combination with miR47 (B), or in combination with miR47 and TCONS_00160362 (C) using confocal microscopy. Leaves infiltrated with Solyc10g018140:YFP in combination with TCONS_00160362 (D) as used as negative control for comparison. 
E-G: YFP signals determined in Nicotiana benthamiana leaves infiltrated with Solyc10g005450:YFP alone (E), or in combination with miR156e-5p (F) or in combination with miR156e-5p and TCONS_00188971 (G). Leaves infiltrated with Solyc10g005450:YFP and TCONS_00188971 (H) were used as negative control. I: Leaves infiltrated with the empty vector. 
J: Quantitative measurements of YFP signal determined in the same leaves indicated in A to D using spectrofluorometer. 
K: Quantitative measurements of YFP signal determined in the same leaves indicated in E to H using spectrofluorometer. 
Signal measurements were determined approximately 48 hours after infiltration. 
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[bookmark: _Hlk172711367]The overall objective of this dissertation research is to understand the molecular mechanisms underlying tomato responses to M. incognita infection with the ultimate goal of identifying new targets for improving tomato resistance to this damaging parasite. This was achieved by (1) investigating local and systemic gene expression changes and spliceome reprogramming in the M. incognita-induced galls and neighboring root cells, and (2) by identifying and functionally characterizing differentially expressed long non-coding RNAs (lncRNAs) in response to M. incognita infection. Transcriptome analysis revealed that M. incognita induced substantial transcriptome changes in tomato roots both locally in galls and systemically in neighboring root cells at early and late stages of infection. Notably, approximately two-thirds of the differentially expressed genes identified in galls at 4 dpi were similarly regulated in neighboring root cells, a finding that indicates systemic regulation of gene expression upon M. incognita infection is of biological importance particularly at the early stage of infection. The systemic reprogramming of root cells adjacent to the infection sites at early infection stage seems to be critical for creating favorable environments for successful nematode infection by facilitating nutrient flow to the feeding cells.  This is the first study to directly report on systemic regulation of gene expression in response to nematode infection and implicate jasmonic acid and its metabolite methyl jasmonate as the systemic signaling molecules. Synchronized intercellular communications between root cells is fundamental for proper plant responses to pathogen infection with regard to defense responses and resource allocation (Biere et al., 2016; Piya et al., 2020). Thus, suppressing cell-to-cell communication signals specifically upon nematode infection would provide a novel strategy to improve tomato and other crop plants to nematode infection. In this context, the identified highly upregulated genes involved in jasmonic acid biosynthesis and signaling, and those involved in vesicle-mediated transport provide bona fide targets to enhance tomato resistance to M. incognita. 
Another interesting finding of the transcriptome analysis is the identification of 66 upregulated genes involved in mitotic cell cycle among the gall-specific differentially expressed genes. The distribution of these genes across all cell cycle stages and checkpoints indicates that M. incognita applies complete control over the cell cycle process. Considering the key functions of core cell cycle genes in the formation and development of nematode feeding sites (De Almeida Engler and Gheysen, 2013), inactivation of cell cycle genes responsible for switching normal mitotic cell cycle in giant-cells to aberrant cell cycle (acytokinetic mitosis) would represent another efficient approach to interfere with the ability of M. incognita to induce functional feeding sites. This can be made genetically using CRISPR/Cas9 gene editing technology to knock out genes of interest or by overexpressing mutated forms of cell cycle regulatory proteins that can interfere with the function of the endogenous proteins. Cell cycle inactivation can be also achieved using chemical inhibitors such as cyclin-dependent kinases (CDKs) and microtubule inhibitors. 

The analysis of alternative splicing events in galls and neighboring root tissues uncovered important characteristics of spliceome reprogramming during M. incognita infection. Various alternative splicing events were found to be more common in neighboring root tissues compared to galls. This suggests that cells nearby M. incognita-induced galls undergo extensive post-transcriptional programming involving significant alternative splicing, emphasizing the importance of these cells for establishing the compatibility of tomato – M. incognita interactions. In addition, significant overlaps between differentially spliced genes and differentially expressed genes were detected, indicating that transcriptome and spliceome reprograming mediated by M. incognita infection is functionally and mechanistically connected. The functional importance of exon usage for establishing plant susceptibility was confirmed by the data showing that overexpression of four splicing variants lacking differentially used exons had negative impact on gall formation and/or egg mass production. These interesting results provide a proof of concept for using exon-skipping and intron-retained variants to improve plant resistance to parasitic nematodes. This can be conveniently achieved by using base-editing approach to directly generate precise point mutations in the conserved splicing sites (GT and AG dinucleotides) flanking gene introns. 

The analysis of lncRNAs in M. incognita-induced galls and neighboring regions revealed that M. incognita impacts the abundance of a substantial number of lncRNAs both in galls and neighboring root cells specifically at the early stage of infection with the large majority of these lncRNAs being downregulated. The identified differentially expressed lncRNAs were predicted to encode peptides that contain functionally annotated domains that may contribute to the regulation of gene expression, RNA stability and splicing, and protein-protein-interaction during nematode parasitism of tomato plants. Overexpression of 5 lncRNAs significantly increased tomato resistance to M. incognita, supporting the functional importance of lncRNAs for establishing tomato susceptibility to M. incognita. Additionally, the miRNA mimic functions of 3 lncRNAs were confirmed using transgenic hairy roots and agroinfiltration, supporting the functional roles of lncRNAs in post-transcriptional regulation through mRNA degradation and/or translation repression. Importantly, a set of 55 lcRNAs were found to contain putative binding sites for 56 miRNAs. These 55 lncRNAs and their targeted miRNAs represent excellent targets for engineering tomato plants resistant to M. incognita using miRNA target mimicry approach, which was proved efficient for increasing plant resistance to parasitic nematodes (Hewezi et al., 2016; Bennett et al., 2022; Hawk et al., 2024). In this approach, a single artificially constructed lncRNA sequence containing multiple binding sites for various miRNAs (required for plant susceptibility) can be overexpressed. This is expected to sequester the activity of several miRNAs simultaneously, leading to increased resistance.  In the opposite scenario where increased miRNA expression is required for resistance, CRISPR/Cas9 approach can be used to mutate the miRNA mimic sites in the endogenous lncRNAs, thereby alleviating the inhibitory effect on miRNA accumulation, and hence increasing plant resistance.  

Together, the data documented in the current dissertation provide the foundation for future studies to functionally characterize tomato genes involved in cell-to-cell communications, vesicle trafficking, transcriptional regulation, and cell cycle with an ultimate goal of increasing plant resistance to parasitic nematodes. In addition, the reported results provided proof of concept for using differentially spliced variants as well as lncRNAs not only for better understanding the molecular mechanisms controlling gall ontogeny and nematode parasitism but also for developing plant resistance to the highly polyphagous nematodes.
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Figure 1: M. incognita induces transcriptome reprograming in an infection stage
dependent-manner.

A: Venn diagram showing overlapping and uniquely differentially expressed genes (DEGs) between
galls and neighboring cells at 4 and 11 dpi.

B: Heat map representation of GO terms significantly enriched among DEGs unique to galls and neigh-
boring cells at 4 and 11 dpi. GO term enrichment analysis was performed using PANTHER version
18.0 with Fisher’s exact test and Bonferroni multi-test adjustment with a cutoff P-value of 0.01 for
significance.
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Figure 2: M. incognita induces parallel transcriptome reprograming in galls and neighboring cells.

A and B: Venn diagrams of differentially upregulated and downregulated genes identified in galls and
neighboring cells at 4 (A) and 11 dpi (B).

C: Heat map representation of GO terms significantly enriched among similarly regulated genes in galls
and adjacent roots tissues at 4 and 11 dpi. GO term enrichment analysis was performed using PANTHER
version 18.0 with Fisher’s exact test and Bonferroni multi-test adjustment with a cutoff P-value of 0.01 for
significance.
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Figure 3: Classification of differentially expressed transcription factors identified in galls and
adjacent roots cells at 4 and 11 dpi.

Shown are fold change values of differentially expressed transcription factors belonging to various
families/subfamilies. Each transcription factor is represented by a dot. Black dots denote transcription
factors that were similarly regulated in galls and adjacent roots cells at the 4 or 11 dpi time points. Red
dots denote transcription factors that were specifically regulated in galls or adjacent roots cells at 4 or
11 dpi.
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Figure 4: Schematic representation showing distribution of differentially expressed cell
cycle-related genes identified in the 11-dpi galls across various cell cycle phases.

Upregulated genes are indicated in black, whereas downregulated genes are indicated in red.
Gene expression values and annotations are provided in Supplementary Data Table 6.
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Figure 5: Local and systemic suppression of defense response in galls and neighboring
root cells.

Fold change plot of downregulated defense-related genes in galls and neighboring root cells at 4
and 11 dpi. Bubble size represents the level of downregulation for each gene.

Log2foldchange @ .1 @ 2 @ -3 @ -4 @5




image6.tiff
A 4 dpi Galls B 4 dpi NR
10° o 1532 higher in roots 10° 3 5446 higher in roots
. (962 IR + 570 DUE) L (3319 IR + 2127 DUE)
. % 10°
8 104 S 104
5 S
5 ] o 1
k] S
UO_ 10" w 10"
10? i i 4
740 higher in galls 1o 1134 higher in NR
10° 4 (402 IR + 338 DUE) 10 ] (524 IR + 610 DUE)
T T T T T
1 10 10° 10° 10* 10° 1‘ 1‘0 “‘)2 “I]a 1;4
Mean normalized coverage Mean normalized coverage
c 11 dpi Galls D 11 dpi NR
10° 4 596 higher in roots 10° 5 638 higher in roots
o (377 IR + 219 DUE) 4 (307 IR + 331 DUE)
)
2 104 % 104
2 5
S 19 S 14
° k=]
LT £ 10
102 4 . . 102 5 . .
337 higher in galls 965 higher in NR
10° 4 (180 IR + 157 DUE) 107 4 (562 IR + 403 DUE)
T T T T T T T T T T T T
1 10 10? 100 10t 10 1 10 10% 10° 10* 10°
Mean normalized coverage Mean normalized coverage
E
5.0
| 4 dpi Galls *
45 W 11 dpi Galls
Q 40 M 4 dpiNR
S 35 M 11 dpiNR
<
O 30
e} *
o 25 *
2 20
= *
" 45
o *
X o *
. *
05 . * *

Figure 6: Modulation of pre-mRNA splicing during M. incognita infection.

A-D: MA plots comparing fold change values against the mean of the normalized counts of differentially spliced
events determined in galls (A and C) and neighboring region (NR) (B and D) at 4 and 11 dpi. Red dots represent
significantly differentially spliced events. DUE: differentially used exons; IR: intron retention.

E: RT-gPCR quantification of the expression levels of differentially spliced events in galls and NR at 4 and 11 dpi.
Shown are the fold change values of 6 exon skipping (ES) and 6 IR events in galls or NR at 4 and 11 dpi relative
to the corresponding non-infected control root tissues. Data are the mean + SE of three biological replicates.
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Figure 7: Impact of differential exon usage on protein domain organization.

The bubble plot illustrates the most common protein domains identified in the differentially used
exons in galls and neighboring cells at 4 and 11 dpi. The size of each bubble represents the number
of functional protein domains allocated to each group.
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Supplementary Fig. S$1: Images showing examples of dissected galls and neighboring regions
at 4- and 11-days post M. incognita infection.

Aand B: Dissected galls and neighboring regions (NR) at 4 (A) and 11 (B) days post M. incognita
infection.
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Supplementary Fig. $2: Significantly enriched GO terms among differentially spliced genes N
identified in galls and neighboring root cells (NR) at 4- and 11-days post M. incognita infection.
Gene Ontology (GO) term enrichment analysis of differentially spliced genes (DSGs) was performed
using PANTHER with Fisher’s exact test and Bonferroni multi-test for correction with a cut off P-value of c
Comert, edit and g0 POF forms & 0.01 for significance.
.
. @
2 Typehere toseach 5@ W 79 72% Mostycouty A B & 0BG 200 B





image11.png
Swew @ vy Figurelpdt x [+ Crete

Alltools ~ Edit  Convert  E-Sign Find textortools Q

Q
A 4 dpi Galls vs noninfected roots B 4 dpi NRvs noninfected roots o
20 T N T |
Noninfected roots | Galls - Noninfected roots ~ {NR
1 H o
. 1 . 1
75
15 1 1
. ! . . ! s
2 1 M 2
s ' s
a 10 1 o
=y 1 =Y
2 1 = J
g 1 g .
s 1 T .
'
1
'
0 1
-10 -5 0 5 2
Log2 Fold Change Log2 Fold Change
¢ 11 dpi Galls vs noninfected roots b 11 dpi NR vs noninfected roots
T
Noninfected root — 15 Noninfected roots ! NR
H -
10 : N
k] 1 L. ERNY
[4 RSl g
< < 1
g H B 2
_?: ° ! § —‘-g‘ 05 1
o 0.0
-50 25 0.0 25 c
Log2 Fold Change Log?2 Fold Change
[}
Figure 1 : . Q

P Type here to search

e =@ =0 a

A 73 N ) 1251 AM
< 73°F Mostly dloudy B o e





image12.png
= mew @ Y Figure2pdf x

® L Sign in - g x
Altook  Edt  Comert  ESign Find textortools Q e @ 8

296

4 dpi galls 4.dpi NR 11 dpi galls

M Promoter M Genebody MUTR M intergenic

Figure 2: Overlaps of IncRNAs with various features of protein-coding genes and intergenic E
regions.

A-C: Differentially expressed IncRNAs identified in 4 dpi galls (A), 4 dpi neighboring root cells (NR), and
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Figure 6: Overexpression of differentially expressed IncRNAs altered tomato susceptibility
to M. incognita.
The differentially expressed IncRNAs TCONS_00160362, TCONS_00188971,
TCONS_00041366, TCONS_00084313, and, TCONS_00146883 were overexpressed in the
susceptible tomato cultivar Heinz 1706 using transgenic hairy root system. Composite plants with
GFP positive roots were selected and inoculated with approximately 500 second-stage juveniles
of M. incognita. Three weeks after inoculation, the number of galls per plant were counted and !
used to determine plant susceptibility relative to control plant control expressing the empty binary 1
vector. Bars represent means + SE from at least 15 replicated plants. Asterisks indicate
statistically significant differences between IncRNA overexpression lines and control plants as -
determined using ANOVA with p values less than 0.05 were considered statistically significant. o
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Figure 7: Functional validation of miRNA target mimicry function of IncRNAs using transgenic hairy root B,
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