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[bookmark: _Hlk133453075]Scientific Background
Soil salinization hampers plant growth and productivity. Salt stress is an increasing environmental constraint to crop productivity, especially in coastal areas and arid and semi-arid regions. High salt concentrations in the soil deter plant development and growth, mainly of new shoots, by reducing plants’ capacity to uptake water. In addition, excessive accumulation of sodium ions (Na+) within the plant is toxic to key biochemical processes and consequently leads to accelerated senescence of mature leaves1,2. Approximately 33% of irrigated agricultural lands are salt affected3, and these areas are expanding at a rate of ca. 1-2 Mha/year, partially due to the increased application of treated wastewater or low-salinity water for irrigation. As freshwater availability decreases, irrigation with poor-quality water further threatens food production and agricultural revenues4. In Israel, 60% of the irrigation water supply is complemented by water resources that are characterized by high salt levels. As a result, agricultural soils throughout Israel are considered saline (EC 4 dS/m)1, and Na+ levels in Israeli fresh produce exceed global standards5.
Leaf Na+ levels are regulated through shootward transport and rootward recycling. After entering the root epidermis through nonselective cation channels (transcellular transport)6, Na+ can progress into inner root cell layers either via plasmodesmata, which are microchannels that connect neighboring cells (symplastic transport) or by diffusion in the extracellular space of cell walls (apoplastic transport). To maintain cellular function and prevent damage to membranes and proteins7, plants regulate cytosolic Na+ concentrations through export from root cells or vacuolar sequestration via transporters and antiporters that are involved in maintaining Na+/K+ homeostasis8. Once Na+ enters the root xylem, it moves with the transpiration stream to the shoot, accumulating over time in the leaf blade. Since plants transpire approximately 50 times more water than they retain in leaves, the risk of Na+ accumulation increases during leaf development. Notably, aerial Na+ levels vary substantially among species9, reflecting differences in both restriction of shootward Na+ transport and phloem-mediated Na+ recycling toward the roots10 (Figure 1). While significant rootward Na+ recycling has been documented in several species, the underlying mechanisms remain poorly understood. Key questions include the conditions triggering Na+ recycling and the final destination of recycled Na+- whether it accumulates in “sacrificial” organs such as older leaves, stems, or roots or is exported to the soil11. Beyond preventing toxic Na+ buildup in photosynthetic tissues, rootward recycling can serve multiple functions: maintaining ion homeostasis, averting osmotic stress, protecting water balance, and preserving optimal K+/Na+ ratios. While research has mainly centered on root Na+ transport regulation, the dynamic strategy of Na+ recycling enables plants to sequester excess Na+ in less sensitive tissues, offering greater adaptability to fluctuating salt stress than controlling Na+ uptake alone. 
[image: ]Given that the photosynthetic leaf blade is the primary site of Na+ toxicity for most plants and considering the potential to enhance plant growth and produce quality by mitigating leaf Na+ accumulation, this proposal focuses on elucidating the cellular and molecular mechanisms regulating rootward Na+ recycling (Figure 1).
Figure 1. The impact of salt stress on plants and a proposed strategy to enhance salt stress tolerance. Schematic illustration of a tomato plant under salt stress. White dots indicate sodium ions (Na+). Live cross sections of the midvein and leaf blade of the domesticated tomato Solanum lycopersicum cv. M82. Sections were stained with CoroNa green, a Na+ specific dye (green), and Congo Red (red) that stains the cell wall. Na+ preferentially accumulates in the bundle sheath of the midvein and the phloem of lower-order veins. Increased rootward Na+ recycling (magenta dashed lines and arrows) is proposed to alleviate the toxic effect of Na+ and promote plant growth under saline soils.
Critical knowledge gaps in salt stress tolerance mechanisms. Most of the information on the role of specific transporters in salt tolerance is either at the cellular or organ levels. However, little is known about the interplay between these scales. Additionally, assessment of Na+ levels is traditionally done on bulk tissues using destructive or indirect methods, which eliminates our ability to identify the differential accumulation of Na+ in distinct cell populations (e.g., the phloem) and the underlying genetic mechanism(s) (Figures 1 & 2). Thus, major knowledge gaps in salt tolerance mechanisms revolve around the functions of distinct cell populations, the cellular accumulation patterns of Na+, and the integration of processes across scales to facilitate whole plant salt tolerance. Obtaining multiscale resolution of Na+ transport and accumulation, spanning from the cellular to the whole plant levels, through live-imaging of Na+, single-cell transcriptomics, and targeted genomic editing, has the potential to revolutionize our ability to detect and precisely engineer tolerance mechanisms, thereby enhancing plant performance under salt stress conditions.
[bookmark: _Hlk153651291]Utilizing tomato to study mechanisms regulating rootward Na+ recycling. Tomato, a worldwide leading vegetable crop predominantly cultivated in arid and semi-arid regions, suffers from growth and yield loss when irrigated with brackish water12. Owing to their agricultural significance, moderate salt tolerance, and publicly available genetic and genomic data, this proposal utilizes tomatoes to uncover foliar regulation of Na+ recycling. Several studies demonstrated the contribution of known Na+ transporters to tomato productivity under salt stress conditions. For example, the expression of HKT1;2, in both wild and domesticated tomato species, is detected in leaf vascular bundles, likely in the xylem parenchyma13. This gene is suggested to play a role in shoot Na+ homeostasis and flower protection against Na+ toxicity14. Additionally, Salt Overly Sensitive 1 (SOS1), a plasma membrane Na+/H+ antiporter, is important for maintaining ion homeostasis under salinity and partitioning of Na+ between plant organs15,16. The knowledge derived from these studies indicates functional conservation across tomato species but is limited to the organ level, lacking a mechanistic understanding of rootward Na+ recycling. To identify the underlying mechanisms, I propose the multiscale and integrative approach described below.
[bookmark: _Hlk133452970]Research objectives
The main objective of this proposal is to advance our knowledge of the cellular and molecular mechanisms underlying rootward Na+ recycling toward improving plant tolerance to salt stress. To meet this objective, this proposal is built upon novel findings from my previous work showing enriched Na+ accumulation in distinct phloem-related subpopulations of cells in both wild and domesticated tomato leaves (Figure 2). Salt tolerance is a complex trait that involves an orchestrated contribution of various factors at the cellular, tissue, and whole plant levels, where the emergent properties at one level are a function of the biological components and their interactive processes at the scale below. Thus, this proposal spans multiple scales and utilizes theoretical-experimental approaches to elucidate the genetic basis underlying Na+ accumulation in specific phloem-related subpopulations and the cellular regulation of long-distance rootward Na+ recycling. When combined, these mechanisms hold the potential to alleviate the toxic effects of Na+ by restricting its buildup in the leaves to excessive levels, thus facilitating growth and productivity under salt stress conditions.
Objective 1: Identify genetic candidates regulating rootward Na+ recycling through the phloem
[bookmark: _Hlk153655738]A critical step toward unraveling the regulation of rootward Na+ recycling is acquiring cell-scale transcriptomics for Na+-accumulating phloem-related subpopulations. To achieve this aim, my lab will trace Na+ in phloem marker lines to pinpoint the Na+-accumulating subpopulation(s) of cells, followed by single-cell RNA sequencing (scRNAseq) of the marker line to identify enriched genes and processes associated with rootward Na+ recycling. Finally, we will utilize a semi-high-throughput screening assay to functionally assess the contribution of candidate genes to increase Na+ accumulation. This novel screening assay will include isolated cell populations that will be subjected to targeted genomic editing of the candidate genes.
Objective 2: Quantify rootward Na+ recycling and identify cellular mechanisms regulating this process
The accumulation, translocation, and excursion of substances are fundamental processes in plants. Due to its significant impact on plant growth and productivity, Na+ transport has been studied using techniques involving either destructive methods or non-invasive approaches in live plants, such as positron emission tomography (PET)17 or nuclear magnetic resonance (NMR)18,19. These techniques contributed to our quantitative understanding of the spatial and temporal dynamics of Na+ transport. However, the current methodologies are constrained by limited cellular resolution, thereby hindering a complete mechanistic and genetic comprehension of Na+ influx, efflux, and accumulation. To overcome this limitation, I propose to trace Na+ at multiple scales, ranging from the cellular to the whole plant level. The quantitative data on Na+ trafficking and accumulation, coupled with water uptake information, will be instrumental in developing a computational model of rootward Na+ recycling. This model will undergo testing in diverse genetic backgrounds and in the presence of transport inhibitors. 
Objective 3: Validating in planta regulators of rootward Na+ recycling 
Data obtained from the single-cell transcriptomics and functional validations (Objective 1) will be integrated with Na+ translocation experiments (Objective 2) to facilitate the detection of potential genetic regulators and cellular mechanisms underlying rootward Na+ recycling. Selected candidate genes will be genetically engineered, followed by testing to assess their influence on improving leaf performance under salt stress conditions and inducing anatomical changes in phloem cells associated with enhanced Na+ recycling.
Expected significance: Salt stress studies have largely overlooked the functional heterogeneity of distinct cell populations and their contribution to salt tolerance. Cellular resolution is particularly important when studying leaves, as they are the main site of plant productivity and Na+ toxicity. Despite the detrimental effects of foliar Na+ accumulation on plant performance, our knowledge of the molecular basis of rootward Na+ trafficking remains obscure. The proposed research holds the potential to transform abiotic stress research and contribute to our efforts to ensure food security. This will be achieved through the utilization of cell-scale techniques, including in planta imagining of Na+ transport, single-cell transcriptomics, and in vitro engineering of specific cell populations. These methods will be coupled with modeling of shoot- and rootward Na+ transport to elucidate both the genetic and cellular basis of rootward Na+ recycling. The knowledge gained at the cellular level will be integrated across scales to advance our basic understanding of salt tolerance mechanisms toward improving plant adaptation to saline environments.
In the broader sense, the methodologies and information derived from this research can provide a major step toward uncovering plant tolerance mechanisms to many inorganic and organic pollutants that have been introduced to our environment in the past decades through the utilization of treated wastewater and biosolids. Understanding these mechanisms can lead to the development of crops with enhanced resilience to pollution, thus mitigating environmental and health risks. This knowledge will be invaluable for phytomanagement practices, enabling more effective soil and water remediation strategies and improving agricultural productivity by ensuring safer, cleaner farming environments. Furthermore, it can support phytoprotection and phytorestoration efforts in natural ecosystems, contributing to overall ecosystem health and sustainability.
Detailed description of the proposed research
Hypothesis and preliminary results:
[bookmark: _Hlk153873616]Based on AtNHK1;1, which localizes to the xylem parenchyma and is proposed to retrieve Na+ from the xylem into the symplast, thus facilitating Na+ recycling through the phloem20 and girdling assays that increase leaf Na+ content10, I suggest a two-step process for rootward Na+ recycling in the leaf blade. Initially, Na+ transiently accumulates in vacuoles of vein cells, specifically phloem-related subpopulation(s). Subsequently, Na+ is transported to the sieve elements to facilitate its long-distance transport toward the roots. To test this hypothesis and investigate Na+ transport and accumulation at cellular resolution, one-month-old plants were subjected to a gradual saline irrigation regime, receiving 25, 50, and 75 mM NaCl for one week, followed by 100 mM NaCl for 10 days. Control plants were irrigated with tap water throughout the experiment. After two and a half weeks of salt stress, live leaf cross sections of wild and domesticated tomato species were stained with the Na+-specific dye CoroNa green. To validate Na⁺ quantification by fluorescence, I also performed inductively coupled plasma mass spectrometry (ICP-MS), achieving a strong positive correlation in Na⁺ concentration between the two methods (rs = 0.75, pV = 0.03), thus reinforcing the accuracy of dye-based measurements. Additionally, Na⁺ level fluctuations were quantified within specific cell types or tissues across sections collected from the same experimental setup rather than comparing baseline levels across different experiments. This approach minimizes variability due to dye uptake and photobleaching, allowing for precisely detecting dynamic Na⁺ changes. 
[bookmark: _Hlk153873911]Preliminary findings, based on CoroNa green staining, suggest that Na+ does not accumulate in the xylem cells, and its accumulation in the bundle sheath is species-dependent (Figure 2A & B). Conversely, Na+ accumulation in phloem cells, mainly of lower-order veins, is consistent across all examined tomato species (Figure 2C-F). Na+ preferentially accumulates in phloem parenchyma or companion cells, under control and salt stress conditions, in the domesticated tomato, S. lycopersicum, that is moderately tolerant to salt and excludes Na+ from its shoot and in its salt-tolerant wild relative, S. pimpinellifolium, that accumulates Na+ in its shoot21 (Figure 2C & D). Collectively, these observations suggest that the ability of phloem-related subpopulations to accumulate Na+ is a conserved salt tolerance mechanism that occurs regardless of the growth conditions and salt tolerance strategy of the tomato species (i.e., salt includer vs. salt excluder species). These results are consistent with findings by Alfocea et al.,22, who demonstrated that Solanum species exhibit varying Na⁺ recycling capacities, likely linked to their distinct salt tolerance [image: ]strategies.
Figure 2. Species and cell population-specific Na+ accumulation domains in tomato leaves. Live cross sections of tomato midveins and leaf blades stained with CoroNa green (green), a Na+ specific dye, and Congo Red (red) that stains the cell wall. (A) Na+ preferentially accumulates in vacuoles of the mesophyll in S. pennellii, as indicated by the autofluorescence of the chlorophyll (white). (B) Stacked bar plots of different cell populations that accumulate Na+ in cross sections of midveins of S. lycopersicum cv. M82 and S. pennellii. Na+ accumulation domains are enriched in the bundle sheath in S. lycopersicum and in mesophyll cells in S. pennellii (pV<0.01) independent of leaf ontogeny (young vs. mature leaves), stress duration (five vs. nine days of 100 mM NaCl treatment), and growth conditions (control vs. salt stress conditions). Blade cross sections of lower order veins in (C) S. lycopersicum cv. M82, (D) S. pimpinellifolium, (E) S. habrochaites, and (F) S. peruvianum. Plants were exposed to salt stress conditions (100mM NaCl). All species preferentially accumulate Na+ in the phloem. Cell walls of the bundle sheath are traced in D. Scale bar: 30 µm.
Objective 1: Identify genetic candidates regulating rootward Na+ recycling through the phloem
Working hypothesis:
My current working hypothesis is that Na⁺ accumulation in specific phloem cell populations enables effective recycling of Na⁺ toward the root. This capability is evident at the transcriptional level, involving cellular physiological functions that support vacuolar Na⁺ storage and coordinated cell-to-cell Na⁺ transport through both symplastic and intracellular pathways.
Research design and methods: 
Objective 1a: Identify enriched genes in phloem-related subpopulation(s) involved in rootward Na+ recycling
To identify genetic regulators of rootward Na+ recycling via the phloem, we first need to unequivocally identify Na+-accumulating phloem subpopulations. To this end, we will use two marker lines of distinct phloem subpopulations in conjugation with the Na+-specific dye, CoroNa green, and the callose-specific dye, aniline blue, that marks the sieve elements. We are developing a transgenic tomato line (M82 background) containing the pAtSUC2:tdTomato insert that is specifically expressed in companion cells23. Additionally, we are generating phloem-parenchyma-specific marker lines using the AtSWEET1124 promoter and its tomato orthologs SlSWEET11c (Solyc06g072620)25 and SlSWEET12b (Solyc03g097620)26 to drive tdTomato expression. The tdTomato emission peak (Em λ = 581 nm) avoids spectral overlap with CoroNa green (Em λ = 516 nm), overcoming limitations of existing GFP-based lines. These lines will be available upon funding initiation. We will analyze live leaf cross-sections from these lines using CoroNa green and aniline blue staining. Following the identification of Na+-accumulating phloem subpopulation(s), we will conduct scRNAseq analysis using these lines. The sequence of the transgenic fluorescent protein will serve as a built-in cell identity marker, addressing the challenge of annotating vascular cell populations that typically lack robust population-specific markers. This strategy will facilitate the detection of cell subpopulation(s) involved in rootward Na+ recycling (Figure 3).
I have established expertise in analyzing cell type-resolution genetic data to query transcript abundance in tomato under control and stress conditions27,28. Additionally, I developed protocols for isolating moss protoplasts from leafy buds and analyzed scRNAseq data using wild-type and transgenic moss samples (unpublished data). Working with Dr. Idan Efroni (see support letter), we will isolate protoplasts from control and salt-stressed leaves for scRNAseq using 10X Genomics Chromium technology and Illumina sequencing. Data analysis will employ Seurat29 for normalization, with cluster annotation based on tdTomato expression, cluster marker annotations, and published cell type-specific marker genes24,30,31. Cell type identifications will be validated using PHYTOmap32 (Plant HYbridization-based Targeted Observation of gene expression Map), which enables simultaneous, low-cost spatial mapping of multiple transcripts in whole-mount tissue. While salt stress is expected to significantly alter cellular transcriptomes, we do not anticipate that it will interfere with the determination of cell identity, as indicated by studies profiling the influence of sucrose33 and drought stress28 on root cellular transcriptomes. To further narrow down the candidate gene list to a testable size and infer the biological pathways executed in this cell population, we will perform an enrichment analysis of biological processes. We will focus on genes involved in ion transport and homeostasis, stress response, hormone signaling, cell wall remodeling, and transcriptional regulation, selecting 20-30 genes for in vitro functional validation (Objective 1b).
Expected Results: We expect to observe enrichment of transcripts associated with the regulation of Na+ accumulation in phloem parenchyma or companion cells relative to other cell populations. Additionally, we anticipate the enrichment of genes involved with long-distance transport and the symplastic pathway in sieve elements when compared with neighboring cells. The findings from Objective 1a will establish a thorough roadmap outlining the cell-specific molecular basis of leaf salt tolerance mechanisms and improve our ability to pinpoint causal genes involved in rootward Na+ recycling.
Anticipated challenges: If the expression pattern of AtSWEET11, SlSWEET11c, or SlSWEET12b is not specific to the phloem parenchyma, we will identify these cells using a recently developed confocal imaging method34. This protocol distinguishes phloem parenchyma from other surrounding cell types based on the position of chloroplasts, the presence of cell wall ingrowths, and cell size. In addition, we will select two to four phloem parenchyma marker genes based on our scRNAseq analysis. These genes will then be utilized to generate transgenic marker lines for Objective 1b.
Inner cell populations, such as vascular cells, can be difficult to protoplast using typical protoplasting approaches due to inadequate penetration of cell wall enzymes deep into the tissue. If this is the case, we will use mechanical disruption approaches24 or microdissect individual cells from the desired tissues. Alternatively, we will use single-nucleus RNAseq to reduce dissociation time and bias in the proportion of cell types and gene expression patterns due to protoplasting35.
Objective 1b. In vitro screening for changes in cellular Na+ levels
Functional validation of dozens of genes in stable transgenic plants will require ample time, space, and labor. As an alternative approach for screening candidate genes for their regulation of rootward Na+ recycling, we will develop an affordable, semi-high throughput in vitro assay. Taking into account the known or putative mode of action and cellular localization of the target genes, we will use either protoplasts or protoplast-derived suspension cell culture based on established protocols36-38 (Figure 3). The working hypothesis is that Na+ accumulation and transport are intrinsic properties of the phloem-related subpopulation(s) determined in Objective 1a; thus, transformed protoplasts or suspension cell cultures derived from this subpopulation will be effective platforms to query gene function. Notably, CoroNa green permeates the cell walls of the target cell populations, as depicted in Figure 2, providing additional support for the use of suspension cell culture in functional validation. We will use the transgenic line form Objective 1a to isolate the phloem-related subpopulation(s) that exhibits preferential Na+ accumulation. We will protoplast leaves of the marker line and isolate the fluorescently labeled cells using a Sony MA900 cell sorter available in the Flow Cytometry Unit in our faculty. Isolated protoplasts will undergo transfection with the CRISPR/Cas9 gene editing system to induce transient gene silencing or overexpression, depending on the mode of action of the candidate gene. In parallel, protoplasts will be transformed with an empty vector control. Next, transgenic protoplasts or their derived suspension cell culture will be subjected to control and mild salt stress conditions in the presence of CoroNa green. To determine gene function, we will measure changes in protoplast and vacuole size, assess plasmolysis, and quantify alterations in Na+ accumulation by comparing signal intensity to protoplasts or cells with an empty vector control under both control and salt stress conditions. At least two independent transfections will be conducted for each candidate gene, followed by subsequent measurements and image analysis. Using this platform, we will be able to rapidly screen dozens of genes, either individually or combinatorially, at low costs. Genes that consistently modify Na+ accumulation will be transiently introduced into tomato leaves to validate their function in planta (Objective 3).
Expected Results: I expect that overexpression or silencing of genes involved in Na+ accumulation will alter the intensity of the fluorescent signal and the cellular or protoplast structure. This includes changes in vacuole and protoplast size and plasmolysis. Given that suspension cell culture can form small cell aggregates, this platform can be useful for detecting changes in signal intensity associated with cell-to-cell trafficking of Na+.
Anticipated challenges: To avoid toxic or lethal levels of Na+ exposure and ensure the viability of protoplasts or suspension cell culture under salt stress, we will evaluate a range of salt concentrations. Protoplast or cell viability will be assessed using dual staining with propidium iodide to detect dead cells and fluorescein diacetate to detect live cells. If cell wall removal modifies Na+ accumulation, or the candidate gene is known or predicted to localize to the cell wall or be involved in the symplastic pathway, we will exclusively use suspension cell culture.
[bookmark: _Hlk153828562][bookmark: _GoBack][bookmark: _Hlk153876045][bookmark: _Hlk153876111][image: ]Figure 3. Schematic overview of the proposed project. Objective 1a involves utilizing marker lines of phloem-related subpopulations to unequivocally identify Na+-accumulating phloem cells and their enriched genes through histological assays and single-cell transcriptomics (scRNAseq), respectively. Candidate genes, selected based on their expression pattern and potential involvement in rootward Na+ recycling, will undergo functional validation using a protoplast-based assay in Objective 1b. Depending on the mode of action of the candidate genes, they will be either silenced or overexpressed in isolated protoplasts derived from the Na+-accumulating marker line. Subsequently, transfected protoplasts or suspension cell cultures will be exposed to salt conditions, stained with CororNa green, and compared with protoplasts/cells maintained in control conditions. Objective 2 aims to trace Na+ dynamics and spatial distribution across live plant tissues using the EVOS cell imaging system. Additionally, we will quantify shootward water flow dynamics using 18O-labelled water and assess the proportion of rootward Na+ recycling through PEG-based assays. These experiments will be done in the presence of transport inhibitors and utilize known genetically modified tomatoes. The knowledge gained from these experiments will be leveraged to construct a computational model of Na+ influx and its rootward recycling. Building on the findings of Objectives 1 & 2, in Objective 3, we will select 5-10 genes potentially involved in rootward Na+ recycling for in planta functional validation. Depending on the mode of action of the selected genes, they will be either silenced or expressed in a specific cell type. The transfected leaves will be assessed for their Na+ level, photosynthesis rate, and ultrastructure cellular changes associated with an enhanced ability to accumulate and transport Na+.
Objective 2: Quantify rootward Na+ recycling and identify cellular mechanisms regulating this process
Working hypothesis:
Rootward Na+ recycling relies on the coordinated function of phloem cell types across multiple organs, including the leaf blade, petiole, stem, and root. Furthermore, this process is influenced by the plant's capacity to accumulate Na+ in the root and excrete it into the soil, as well as its ability to retrieve Na+ from the transpiration stream and accumulate it in the shoot. To comprehensively study rootward Na+ recycling and its contribution to salt stress tolerance, I propose adopting a holistic approach that encompasses different organs and addresses the continuous nature of both shoot- and rootward Na+ trafficking.
Research design and methods:
[bookmark: _Hlk133310181][bookmark: _Hlk153894561][bookmark: _Hlk133457054][image: ]To assess the proportion of Na+ recycling to the root and the contribution of the phloem to Na+ recycling, we will grow plants in a hydroponic system, which enables high spatial and temporal control of Na+ levels of the growth medium. We will evaluate Na+ concentrations in the plants before and after Na+ transport reaches equilibrium, and trace Na+ accumulation at the cellular and organ levels, using CoroNa green and ICP-MS, respectively, at different regions of the shoot and root. Plant samples will undergo digestion with concentrated nitric acid. Following digestion, we will quantify Na+ levels using an ICP-MS, which is available at the ICP-MS workstation located in the Mediterranean Sea Research Center of Israel at our university. To visualize and trace the dynamics of Na+ progression at the whole plant level, we will perform Na+ tracing assays by feeding salt stressed (100 mM NaCl) and controlled plants with CoroNa green and scanning live plants with the cell imaging system EVOS M7000 (Invitrogen) (Figure 4). These images will be quantified and correlated with Na+ measurements at the cellular and organ level to determine Na+ transport and accumulation across the plant structural scales. In parallel, we will evaluate the dynamics of shootward water flow and rootward Na+ recycling. To assess shootward water flow, we will measure plant transpiration and water movement using an LI-COR6800 gas exchange system coupled with a Picarro water vapor isotope analyzer to measure Δ18O in transpired H₂O39. This non-invasive, precise approach enables us to trace water movement and distinguish between newly absorbed and recirculated water, offering insights into shootward flow dynamics and water transport efficiency under both control and salt stress conditions. These assays will be conducted in collaboration with Dr. Yotam Zait (see support letter). To assess rootward Na+ recycling, we will monitor changes in Na+ levels of the hydroponic solutions, assuming that the recirculated Na+ is excreted from the roots into the hydroponic solution. This will be done by transferring salt-treated plants to a new Na+-free hydroponic solution while maintaining an equivalent osmotic potential through the use of high molecular weight polyethylene glycol (PEG)40. Measurements of Na+ levels will be conducted using an Orion™ sodium electrode, capable of detecting Na+ concentrations as low as 10 µM, four orders of magnitude less than the Na+ concentration used to impose salt stress conditions. Information obtained across plant scales on Na+ influx, efflux, and accumulation will be integrated to develop a computational model for these processes (see support letter by Dr. Yotam Zait).Figure 4. Tomato (M82) leaflet treated with 50 mM NaCl and stained with CoroNa green (green), illustrating preferential Na+ accumulation in or around the veins. Image captured with EVOS M7000. Scale bar: 150 µm.

[bookmark: _Hlk180874019][bookmark: _Hlk180935953]To gain a mechanistic understanding of the cellular regulation of Na⁺ recycling, we will conduct Na⁺ tracing assays and analyze shootward water flow dynamics in the presence of transport inhibitors and using known genetically modified tomatoes. Pharmacological agents that inhibit Na⁺ transport in planta, such as amiloride and quinine41,42, will be topically applied to wild-type plants as well as known tomato mutants and transgenics with modified Na⁺ transport15,43 or symplastic trafficking44,45. This approach will allow for a systematic evaluation of the relative contributions of specific transport mechanisms. To tease out the effect of root defects on shoot Na+ recycling, we will graft the mutants on wild-type rootstocks. The insights gained from these experiments will be used to enhance our model. Moreover, the information acquired from these experiments will be cross-referenced with the results of the scRNAseq analysis and functional validation (Objective 1a & 1b). This approach aims to further refine the identification of potential genes and processes regulating rootward Na+ recycling and to test hypotheses emerging from Objectives 1 & 2. This integrated approach will contribute to a comprehensive understanding of the spatial requirements and physical limitations of rootward Na+ trafficking.
Expected Results: Objective 2 aims to provide a quantitative measure of the proportion of rootward Na+ recycling and a comprehensive understanding of the intricate relationships between Na+ uptake, accumulation, and recycling across multiple scales. This quantitative information, combined with scRNAseq data and functional validation from Objective 1, will be instrumental in identifying putative cellular and molecular mechanisms controlling Na+ recycling. Subsequently, these mechanisms will be tested in planta to assess their contribution to enhancing leaf performance under salt stress conditions.
Anticipated challenges: The levels of Na+ translocated and released into the PEG-containing hydroponic solution may be below detection rate. As an alternative approach, we will trace Na+ concentrations in the plants and hydroponic solutions following 22Na exposure. Na+ transport can be traced under continuous Na+ presence if trace amounts of 22Na, a long-lived radioactive isotope of Na+, are fed to the plants for a short period (pulse-chase experiment)46. The experiments can be conducted in a dedicated room authorized for radioactive assays within our faculty. An additional method to study the proportion of Na+ recycling via the phloem involves girdling. Due to the bicollateral arrangement of the vascular bundles in tomato, the phloem cannot be easily separated from the xylem. Therefore, alternative methods such as steam girdling or localized chilling, which abolish or suppress, respectively, phloem activity can be employed. However, it's essential to note that the impact of steam girdling extends beyond eliminating phloem activity, as the steam kills all cells at the point of application10.
Objective 3: In planta validation of regulators of rootward Na+ recycling
Working hypothesis:
Given that rootward Na+ recycling spans multiple cell populations and organs, it is necessary to evaluate the functionality of the candidate target genes identified in Objective 1 in planta. The precise engineering of putative regulators holds the promise of enhancing long-distance trafficking of Na+, thereby alleviating its toxic effects on the photosynthetically active leaves and contributing to overall plant growth.
Research design and methods:
We will rank the genes tested in the in vitro assay (Objective 1b) based on their contribution to altering Na+ accumulation in phloem-related subpopulation(s) of cells. A set of five to ten genes will be selected for in planta functional validation either individually or combinatorially. Depending on the mode of action of the candidate genes, we will transiently knockdown or express them in specific cell populations using virus-induced gene silencing or cell population-specific expression, respectively47. Loss-of-function of the candidate gene will be conferred by tissue-specific expression of Cas9 and corresponding guide RNAs, while specific expression will be conferred by fusion of the gene to a selected cell-population-specific promoter. To monitor variability within and between experiments, we will silence the PHYTOENE DESATURASE (PDS1) gene (Solyc03g123760). PDS1 will serve as a visual marker to confirm successful silencing and to assess the frequency, efficiency, onset, and duration of the silencing effect48. The transfected plants will be grown in controlled conditions for a few weeks until silencing or cell type-specific expression is established and new transformed leaves are produced. Plants will then be exposed to salt stress alongside mock plants that will be injected with an empty vector control. To account for the non-uniform silencing or expression across leaves, we will initially identify transfected leaves by assessing the expression levels of silencing genes or detecting the presence of a fluorescent marker in the targeted cell population. Since tomato leaves are compound, several destructive measurements can be done on the same transfected leaf. We will assess the leaves for their ability to limit Na+ accumulation in the blade mesophyll by tracing cellular Na+ domains and leaf Na+ concentration using CoroNa green and ICP-MS, respectively. The effect of genetic manipulation on plant performance will be evaluated by measuring the photosynthetic capacity of the transfected leaves with a gas exchange system (LI-COR6800). Finally, we will collect leaf samples for an ultrastructure analysis of the phloem. Focus will be given to delineating the effects of genetic manipulation on cell wall properties, including plasmodesmata arrangement, cell size, and vacuolar volume. To this end, ultra-thin sections will be cut with a Leica EM UC7 ultramicrotome and imaged using a Talos L120C transmission electron microscope, which is available at the Biomedical Core Facility at the Technion. This analysis will provide detailed insight into the alterations occurring within phloem cells under salt stress, shedding light on the potential factors influencing Na+ accumulation and its subsequent rootward recycling. The histological and physiological analyses will be done by comparing the transfected leaves to non-transfected leaves within the same plant and to leaves transfected with an empty vector control under both control and salt stress conditions. Lastly, elevated rootward Na+ recycling can potentially increase Na+ concentrations in “sacrificial” sink organs such as the petiole, stem, or roots. If the excess Na+ is not sequestered in the vacuoles or excreted from the root into the soil, it may impede physiological functions and hinder plant growth. Therefore, we will sample transfected plants for petiole, stem, and root biomass and trace their Na+ concentrations and cellular accumulation domains using ICP-MS and CoroNa green, respectively. Additionally, we will assess the effect of genetic manipulation on the levels of Na+ excreted from the root into the hydroponic solution, as detailed in Objective 2.
Expected Results: The manipulation of phloem-related subpopulation(s) of cells involved in Na+ accumulation and rootward recycling is expected to decrease Na+ concentrations in mesophyll cells of the leaf blade. This, in turn, is expected to enhance photosynthetic capacity and induce changes in the phloem ultrastructure of the transfected leaf. Such modifications hold the potential to support plant growth and productivity, ultimately enhancing the plant's ability to adapt to saline environments.
Anticipated challenges: The proposed approach is based on the premise that the prevailing wild-type genetic background will not mask the local effect of the genetic modification within the transfected leaf. This assumption is supported by a previous study demonstrating that the modification of a specific Na+ transport process in distinct root cell types effectively reduces Na+ accumulation in the shoot49. 
Conditions for proposal implementation
Dr. Shaar-Moshe’s lab at The University of Haifa is fully equipped for the proposed research, with extensive infrastructure supporting both plant physiology and molecular biology experiments. The lab provides dedicated spaces for wet lab work, desks, and offices and includes essential molecular biology equipment (4°C fridge, -20°C & -80°C freezer, biosafety cabinet, thermal cycler, vertical electrophoresis system, shaking incubator, and micro- and benchtop centrifuges) as well as histology tool (Leica VT1200S vibratome) and post-harvest analysis instruments (vapor pressure osmometer, tissue disruptors, and ovens). There is adequate space to accommodate all planned experiments and integrate new equipment, including an upcoming growth chamber for tissue culture and a climate-controlled walk-in chamber for plant growth. Additionally, the Gene Bank Greenhouse Complex at The University of Haifa provides four 120 m² growth rooms, two growth chambers, and a wet lab equipped with tools for in vivo and post-harvest analysis. The Faculty of Natural Sciences offers subsidized access to core facilities, including a Bioimaging Unit (light, confocal, and scanning transmission electron microscopes), a Histology Unit (microtome), a Flow Cytometry Unit (cell sorter), and a high-performance computing cluster. A genomics unit will also be operational in the coming months for routine use by my team.
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