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Scientific abstract – Uncovering the molecular mechanisms of parasite-host interactions during myxozoan infection of tilapia 
Myxozoa is a large group of obligate parasites that have been placed recently within the phylum Cnidaria. They have complex life cycles, infecting both vertebrates (mostly fish) and invertebrates (mostly worms) in freshwater and marine environments. Myxozoan parasites cause morbidity and mortality in both farmed and wild fish populations worldwide. Yet, despite their global impact, there are large gaps in our understanding of the molecular mechanisms that underlie myxozoan infection process. Here, we propose to use our recently identified myxozoan species, Myxobolus bejeranoi, as a model system to understand the molecular mechanisms involved in host-parasite interaction. M. bejeranoi is a mortality-causing agent in hybrid tilapia ((Nile tilapia (Oreochromis niloticus) x blue tilapia (O. aureus)), the main farmed fish in Israel and one of the most important farmed fish globally. We discovered that M. bejeranoi successfully proliferates in the host gills by systemically modulating the immune response of the fish. The main objective of the proposed study is to reveal the molecular cascades that are activated in the fish host upon M. bejeranoi infection, causing a broad immune suppression and resulting in successful proliferation of the parasite. 
Our preliminary findings indicate that although both purebred parents are initially infected by M. bejeranoi, blue tilapia is susceptible to the parasite, which sporulates and causes disease, whereas Nile tilapia is resistant to it, as no parasite development occurs after initial invasion. We postulate that this difference is due to genetic and molecular differences between the two host species. Therefore, to reveal the mechanisms that underlie successful myxozoan infection, we will apply a multi-omics comparative approach combining transcriptomics, proteomics, metabolomics and microscopy. We will analyze susceptible vs resistant tilapias, and the parasite, before exposure and during an infection time series. We will analyze gills, which are the site of sporulation, the head kidney, which is the main immune organ, and serum, through which signals may pass. Comparative transcriptomics of gills and head kidney samples will provide molecular insights into the myxozoan replication and sporulation processes, and differential genetic features of the host resistance mechanisms. Comparative proteomics of time series will reveal the functional states of the cells and their dynamic responses to infection and, specifically, will highlight serum proteins that may serve as signals for the systemic immune shutdown that we have detected. Comparative metabolomics will inform us of host adaptive responses and metabolites that characterize the disease susceptibility phenotype. The results of the three approaches will be combined, using multi-omics analysis tools, to generate a comprehensive network of host-parasite interactions. Additionally, to reveal the molecular mechanism that are active during parasite sporulation and cyst formation, we will use targeted and untargeted MALDI imaging to analyze the spatial expression of parasite and host proteins, followed by metabolite and spatiotemporal gene analyses. Finally, we will compare our findings to other groups of parasites to identify common molecular mechanisms of infection and host resistance. 
This study is the first comprehensive attempt in Myxozoa to combine different layers of biological information to reveal the molecular mechanisms underlying host-parasite interactions, and to elucidate the myxozoan mode of action. Additionally, the generated data may facilitate the development of new strategies for protecting cultured fish from parasite infection.

Detailed description of the research program
Scientific background 
	Myxozoans are microscopic, eukaryotic, spore-forming, obligate parasites within the phylum Cnidaria (1-9). Compared with their free-living cnidarian relatives, myxozoans have highly reduced body plans and their genomes lack key signaling molecules and transcription factors that are hallmarks of multicellularity. However, they retain the phylum-defining stinging nematocysts, known in myxozoans as polar capsules (4,10-12), and genes necessary for their function as obligate parasites (2,13). The complex myxozoan life cycle includes two hosts; a vertebrate, mostly fish, and an invertebrate, mostly worms (8,14) (Fig. 1A). Transmission between hosts is achieved by two distinct types of waterborne spores termed actinospores and myxospores (15,16). Myxozoans are common in marine and freshwater systems worldwide. Moreover, they are significant pathogens of wild and farmed fish, causing diseases such as proliferative gill disease, ceratomyxosis and whirling disease (17). In Israel, myxozoan infections have been found in farmed sea bream in the Gulf of Eilat and the Mediterranean (18-20), and cause disease and mortality in freshwater tilapia hatcheries and in tilapia in the Sea of Galilee ((21,22) and Israel Central Fish-Health Laboratory 2012 Report). Recently, we identified a new myxozoan species, Myxobolus bejeranoi, as the causative agent of up to 40% mortality in commercial cultures of hybrid tilapia Oreochromis aureus (blue tilapia) x O. niloticus (Nile tilapia) (22) (Fig. 1).  
	Native to Africa, tilapia has become the second most important farmed fish globally, and is promoted by the United Nations Food and Agriculture Organization (23). Over the last decade, the tilapia has become an important cultured freshwater fish in Israel, constituting 60% of the total production (24). Therefore, understanding the myxozoan infection process in tilapia is of economic and nutritional importance both for Israel and worldwide. Myxozoans are also an extremely attractive group from an evolutionary perspective, being ancient multicellular parasites that evolved about 600 mya (8). Although Myxozoa comprises about 2400 species (25), few genomes and transcriptomes have been published (reviewed in (26)). Hence, there are large gaps in our understanding of the molecular aspects of the infection process. During our current ISF grant, we have established an M. bejeranoi transcriptomic dataset from invasion through sporulation (27) and have discovered that M. bejeranoi successfully proliferates in the host gills by modulating the fish immune system (28). 
The main objective of the proposed study is to reveal the signaling cascades that are initiated in the fish gills upon M. bejeranoi infection, causing a broad suppression of the host immune system and resulting in successful proliferation of the parasite. Because these cascades are activated by host-parasite interaction, to investigate them we will apply a multi-omics approach combining genomics, transcriptomics, proteomics, metabolomics and microscopy, during the course of infection in both permissive and resistant hosts and the parasite.
Fish-Myxozoa interaction
Recent studies have begun to explore fish immunoreactions to myxozoan infection, demonstrating that an early innate response is followed by a relatively late adaptive response (reviewed in (29,30)).  This suggests

that some myxozoans can evade or modulate the fish immune system; however, the mechanisms underlying this interaction are unknown. Genomic and transcriptomic studies of infected fish have shown changes in gene expression, thereby informing our understanding of host immune mechanisms (29-38).
[image: ]Our recent work revealed that M. bejeranoi can induce systemic and tissue-specific effects on the immune response of the hybrid tilapia host. In the gills, the site of parasite sporulation, the immune system was activated only at intense infections, whereas in the spleen the immune system was partially inhibited, and in the head kidney, which is the main immune organ of the fish, a complete shutdown was observed (28). However, the molecular signals generated by the parasite and how these modulate the fish immune response are still unknown. We also examined host specificity of M. bejeranoi by challenging the purebred parents of the hybrid tilapia. We found that the parasite only sporulated in blue tilapia, leading to cyst development in their gills, similar to hybrid tilapia. In contrast, qPCR analysis revealed that the parasite invaded Nile tilapia, and its expression level was comparable to that in blue tilapia at the beginning of the infection. However, unlike in blue tilapia, the infection level did not escalate. The parasite was detected in the Nile fish gills for up to a month but did not sporulate, and the host showed no sign of infection (39). Additionally, we showed that markers for immune system activation were upregulated in the Nile tilapia and not in the blue tilapia (see Preliminary results Fig. 3) indicating that Nile tilapia sense the invader and control its proliferation by activating its immune system .  Therefore, to reveal the mechanism underlying the cross-talk between fish and myxozoan, we will comprehensively analyze the transcriptomes and proteomes of both blue and Nile tilapia, and of the parasite, before and during infection. To understand the host-parasite communication signals and the molecular pathways triggered by the parasite, we will combine the obtained transcriptomics and proteomic data with metabolomic profiles.
Figure 1. Generalized life cycle of a myxozoan parasite. (A) The invertebrate host ingests myxospores, which release the parasite sporoplasm. The parasite replicates and develops into actinospores. Released actinospores float until they encounter the fish host. The parasite replicates within the fish and transforms into myxospores, which are released back into the water. Scheme is courtesy of S. Atkinson. (B) Myxobolus bejeranoi developing myxospores in encapsulated plasmodia (arrows) within hybrid tilapia gills. Each plasmodium contains hundreds of spores. (C) M. bejeranoi myxospores; bar, 5 m.  

Metabolomics: A comprehensive platform to measure phenotype at the molecular level
	In recent years, metabolomics has emerged as an important research approach. It allows high-throughput analysis of hundreds of metabolites associated with different biological pathways, thereby offering a powerful tool for unraveling mechanisms of action (40,41). Metabolites are defined as substrates, intermediates and products of metabolism, including small molecules, signaling molecules, transporters, cofactors, amino acids, carbohydrates, lipids, hormones, and even small proteins. As end-products of cellular processes, these molecules reflect the underlying biochemical activity of a tissue. Metabolomics are at the forefront of biomarker discovery in biomedical studies of the pathophysiological mechanisms of diseases such as obesity, diabetes, and cancer (42). Moreover, cellular metabolism affects immune cell state and fate and, thereby, immune system function in health and disease (43,44). 
	The cross-talk between immune and metabolic processes is conserved across the animal kingdom (44) and, therefore, metabolomics has become an important tool also in aquaculture (45,46) and parasitology (47-49). However, the application of metabolomics to myxozoan research has thus far been very limited (50,51). We will incorporate comparative metabolomics to reveal the molecular signals that are activated during parasite infection and proliferation. Thus, combined with the comparative transcriptomic and proteomic analysis, we will obtain multiple layers of information that we expect to provide meaningful insights into host-parasite communication signals and their mechanism of action. 
Research objectives & expected significance 
	Our overall objective is to understand the mechanisms that underlie successful myxozoan infection of the fish host. To achieve this goal, we will analyze fish-myxozoan interactions over time, in susceptible and resistant hosts, using genomics, transcriptomics, proteomics and metabolomics, combined with specific spatial molecular analyses. Transcriptomics, proteomics and metabolomics provide different layers of information, and notably the essential information at the proteome and metabolome levels cannot be predicted from genomics and transcriptomics. Each approach stands on its own and will advanced our understanding of the host-parasite interaction. We will use Myxobolus bejeranoi, the causative agent of tilapia mortality, which is the most common and accessible freshwater myxozoan species in Israel (Fig. 1). The obtained results will be combined to create a large network of interactions and key compounds will be analyzed for their spatiotemporal expression. Figure 2 shows a schematic illustration of the proposed work plan and the inter-relationships between our aims.    
Specific research objectives:
Aim 1: Reveal the mechanisms underlying successful myxozoan infection in susceptible blue tilapia in comparison to resistant Nile tilapia using transcriptomics and proteomics. 
Aim 2: Perform comparative metabolomics to identify metabolites that mediate myxozoan infection.
Aim 3: Construct a molecular model of the processes that unfold during myxozoan sporulation by comparative spatial proteomics, metabolomics and gene expression analyses.
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Figure 2.  Study design overview. A schematic illustration of how the different tasks are interconnected. In Aim 1, we will generate extensive molecular data from susceptible and resistant tilapia hosts and from the parasite M. bejeranoi before and during time-series of infection to decipher host-parasite interactions. In Aim 2, we will perform comparative metabolomics to reveal signaling metabolites that play a role in silencing of the host immune response. In Aim 3, we will create a comparative “3D” model map of the molecular response to infection in the gills by combining data from protein and metabolite imaging, protein immunolocalization and in situ hybridization assays. Each aim stands by its own and can be performed independently; however, the results of different tasks can be integrated to obtain a comprehensive insight into fish-myxozoan cross talk. HK, head kidney.
Expected significance
	We propose to study a recently identified myxozoan parasite, which infects hybrid tilapia by suppressing the host immune response (22,27,28). This will be the first comprehensive, comparative investigation of myxozoan infection processes in resistant and susceptible fish hosts by integrating transcriptomics, proteomics and metabolomics information. Our study will highlight the very early stages of infection, before parasite proliferation, focusing on the molecular pathways that are activated or inhibited in the two tilapia species. Additionally, our temporal analysis will reveal the host-parasite cross-talk and identify genes, proteins, metabolic pathways and metabolites that may react specifically to parasite proliferation and sporulation. We expect to identify the signaling proteins and metabolites synthesized in response to parasite infection, which subsequently mediate the silencing of the host immune response. Our study will be the first to correlate infection processes and spatial expression data of these signaling molecules using MALDI-MS imaging of infected gills and thus will connect between their localization and function. The obtained results will advance our understanding of both common functions of endoparasites, and specific myxozoan infection processes. Additionally, since myxozoan are a large and unique group in the Cnidaria phylum, we expect that the accumulated data will shed light on their evolution. Furthermore, myxozoan parasites affect both wild and cultured fish worldwide and in Israel, M. bejeranoi has become a serious threat to tilapia aquaculture, causing high mortality and economic losses. Therefore, we expect that the basic knowledge gained here on the host-parasite interactions will provide important stepping-stones towards developing treatments for parasite infection.
Detailed description of the proposed research
Working hypothesis 
	In our previous studies, we found that while both parent tilapia species are infected, M. bejeranoi proliferates and sporulates only in blue tilapia (39). Therefore, our working hypothesis is that M. bejeranoi is a specialist parasite of blue tilapia, and lacks more generalist molecular tools necessary to complete its life cycle in the closely related Nile tilapia (Hypothesis 1). As a null hypothesis, we propose that the parasite has a general infection molecular toolkit, but the fish hosts respond differently to infection despite being closely related fish species (see Preliminary results Fig. 3). To test these hypotheses, we will conduct comprehensive comparative analyses of the two fish species, and the parasite, to identify differentially expressed genes, proteins and metabolites before and during infection. We expect these data to provide both specific insights into the myxozoan infection process, and broader revelations of host-parasite cross-talk.  
	Our study is supported by published genomic data from the two purebred tilapia species, which will enable efficient analysis of metabolic pathways (52-54). Whereas transcriptomics will provide the differential genetic background, we postulate that proteomics and metabolomics may reveal functional proteins and signaling molecules, as was demonstrated in other parasites (47,55,56). Discovery of such components will enable us to propose models of signaling pathways that are related to host susceptibility. 
	Additionally, our recent findings demonstrate that M. bejeranoi manages to suppress the immune response of hybrid tilapia (28). Therefore, we hypothesize that the signal for the systemic immune suppression in head kidney, which is the main immune organ of the fish, originates at the site of sporulation, namely the gills (Hypothesis 2). We will test this hypothesis by comparative proteomics and metabolomics of gills and head kidney in the two purebred tilapia parents. Since in the resistant Nile tilapia, the parasite does not proliferate, we anticipate finding major differences in expression of these signals between the susceptible and resistance hosts. In the susceptible hosts, we expect to find host-synthesized signaling molecules in gill cysts. Indeed, our preliminary comparison of infected vs non-infected gills revealed that 38% of identified metabolites were specific to the infected gills (see Preliminary results Fig. 4). Furthermore, we will visualize the spatial distribution of molecules in infected gills to correlate their localization with their function. In the head kidney, we expect to find proteins and metabolites that are related to the activation or downregulation of the immune system.  However, because the parasite infection triggers a systemic reaction, we hypothesize that serum analysis will reveal proteins and metabolites that serve as signals for the immune shutdown that we have found (Hypothesis 3). This hypothesis will be tested by comparative proteomics and metabolomics of the serum in control fish, and during infection in the two purebred tilapia parents. We will search for signaling molecules, which are expressed uniquely in the susceptible blue tilapia and only during infection. 
	We have recently won a VATAT institutional grant to establish a metabolomics unit (see details in Aim 2). Thus, we have both the expertise and the facilities to implement the proposed research plan.
Research design & methods
· Experimental design and sample collection: The experiments will be conducted in the fish ponds at Reshafim Pisciculture and at the Central Fish Health Laboratory, Nir David, in collaboration with the Dor Research Station (see Letters of collaboration). We will test with three host tilapia species: blue (susceptible), Nile (resistant) and hybrid (susceptible, positive control). We will use 3 month old fish, grown in a parasite-free environment.  Parasite infectious stages from pond water will be used, as detailed in our recent publications (27,28). Briefly, the pond will be monitored weekly between mid-July and September to find the best time to start the experiment. This will be done by exposing cages of hybrid tilapia to the pond for 24 h, and then assaying gills for parasite infection using our established PCR assay (22,28). When more than 80% of the fish are infected, the experiment fish will be exposed in the same manner. Fish will then be transferred to indoor tanks with a flow-through, parasite-free water system at the Central Fish Health Laboratory (See letter of collaboration). We will collect time-series samples (n=30 of each sample) of exposed fish at 0, 3, 6, 9, 12, 15, 18, 21 days post-exposure (dpe; previous experiments show that cysts can be seen from 12 dpe) and control unexposed fish at 3 times points (the beginning, middle and end of the experiment). The level of infection will be evaluated by light microscopy, histology and qPCR (28). Gills and head kidney from control and exposed fish samples will be snap-frozen in liquid nitrogen, and stored at -800C until analyzed. Fish samples will also be fixed for microscopy section analysis and in situ hybridization (see Aim 3). Additionally, serum will be collected from the caudal vein at 0, 3, 9, 15, and 21 dpe (n=20 for each sample) from the same fish and kept at -800C until analyzed. 
· Aim 1: Reveal the mechanisms underlying successful myxozoan infection in susceptible blue tilapia in comparison to resistant Nile tilapia using transcriptomics and proteomics. Rationale: Our preliminary results suggest that the susceptibility of hybrid tilapia to M. bejeranoi infection is similar to its purebred parent blue tilapia, while the other parent, Nile tilapia, is resistant. Notably, our data show that after exposure to waterborne parasite stages, all three fish species have detectable parasite DNA on their gills (39) (see Preliminary results Fig. 3 for blue and Nile tilapia). However, while in hybrid and blue tilapia infection progresses to sporulation, in Nile tilapia the parasites do not propagate (39). . Additionally, we found that cytokines which mediate host immune response are upregulated in Nile tilapia but not in blue tilapia (see Preliminary results Fig. 3). We will utilize this host-parasite system to decipher the cross-talk between the myxozoan parasite and its hosts, by comparing gene and protein expression profiles of the two purebred tilapia species before and after infection. We have already generated transcriptomic data for the hybrid tilapia, which informed us that M. bejeranoi modulates the fish immune response and enabled us to generate a de novo transcriptome database for the parasite (27,28) (See Preliminary results). Thus, by comparing data obtained from the closely related susceptible and resistant species, together with the parasite, we will be able to identify genes, proteins and molecular pathways that are important for infection and host resistance (Hypothesis 1 and Null hypothesis). Transcriptional profiling will provide molecular insights into the myxozoan replication and sporulation processes, and host immune mechanisms. Proteomic profiling, which is widely used to identify early biomarkers of diseases and pathogen infections and to discover therapeutic targets (55,57), will reveal the actual functional state of the cells and their dynamic responses to infection (Hypothesis 2). Specifically, we postulate that serum proteomics will reveal proteins that serve as signals for the immune shutdown that we have found (28) (Hypothesis 3). We are experienced with these methods (11,58-63) and, specifically, we performed the first proteomic analysis in Myxozoa (11,61). We will use our expertise to profile genes and proteins expressed by both parasite and hosts during the different stages of infection, with the aim to reveal molecular signals of host-parasite interactions. Finally, the obtained results will be used to identify metabolic pathways and will be combined with the metabolomics networks found in Aim 2. Furthermore, we will compare these results to other myxozoans and parasites of other groups to find if there are common, evolutionarily conserved mechanisms of endoparasitism.
· Experimental design and sample collection: Samples from infected and uninfected fish will be obtained using the same experimental design as described above. We will obtain gills, head kidney and serum samples from uninfected fish of the two species, and time-series samples post-infection, whose level of infection will be determined. Based on positive identification of M. bejeranoi by gills qPCR combined with histology to determine the level of infection, we will collect representative samples of three stages of infection: initial, i.e. positive qPCR with no microscopic evidence of the parasite; intermediate, when plasmodia appear; and advanced, when the parasite is sporulating. From post-exposure Nile tilapia, we will collect the initial stage of infection and, although the infection does not progress in this host, we will collect samples at the same time points as from blue tilapia. Three biological replicates from each fish group and infection stage will be analyzed. 
· Nucleic acids and protein extraction: RNA, DNA and protein from gill tissue and RNA and protein from head kidney tissue will be extracted simultaneously using TRIzol Reagent (Themo Scientific). The main advantage of this method is the ability to analyze DNA, RNA and protein from the same tissue. Serum proteins will be treated similarly to proteins extracted from other tissues (see below).
· Transcriptomic profiling: For the transcriptomic analysis, 40 samples will be collected from each species: 5 control and 15 infected gill samples, representing 5 biological replicates of initial, intermediate and advance infection stages. Head kidney samples will be extracted from the same specimens. mRNA libraries and sequencing (150 bp, paired end) will be done in Macrogen Europe or a similar sequencing company. Total RNA will be subjected to mRNA enrichment by the poly(dT) method. Standard strand-specific TrueSeq libraries (illumine) will be constructed for each of the 80 mRNA-enriched samples, which will be uniquely barcoded during this process. Then, the libraries will be pooled and sequenced on an Illumina NovaSeq 6000, at a depth of ~100 million pair-ends reads per sample. From our experience, this will be enough to obtain sufficient myxozoan sequences, after filtering out fish host. To generate transcriptomes of healthy and infected fish, sequence reads from the different samples will be mapped first to the available genomes of blue and Nile tilapias (http://ftp.ensembl.org/pub/release-104/fasta/oreochromis_aureus; http://ftp.ensembl.org/pub/release-104/fasta/oreochromis_niloticus/) using STAR (64) and the HTseq tool will be used to generate raw read-counts tables. The unmapped reads will be then mapped either to our novel M. bejeranoi genome, or to our available de novo transcriptome database (see Preliminary results) and raw read-counts tables will be generated.
· Proteomic profiling: For the proteomic analysis, similar samples will be analyzed as for transcriptomics with an addition of serum samples from similar stages or time points from the two fish species. All samples will be prepared and analyzed by bottom-up proteomics, using nano-liquid chromatography–tandem mass spectrometry (nLC-MS/MS) on a Q Exactive mass spectrometer at the Smoler Proteomics Center, Technion. We are highly experienced with proteomic analysis (11,58,59,61) and we have already developed the bioinformatic pipeline and tools to analyze the newly generated data, as evidenced by our recent proteomic data of a different myxozoan, Ceratonova shasta (61). MS data will be searched using MaxQuant proteomics software (65) against tilapia species and M. bejeranoi predicted proteins (see Preliminary results, Fig. 6). 
· Comparative analyses: Fish and myxozoan RNA-seq datasets will be analyzed in parallel. We will look for infection-specific transcripts in the fish by comparing between infected and uninfected fish and between parasite-challenged blue tilapia and Nile tilapia. At early stages of infection, we will examine specifically if and how the fish innate immune system reacts to the parasite. At this stage, we expect to find differences in expressed genes and pathway between the gills of resistant and susceptible fish, possibly in those that trigger reaction against myxozoan proliferation. We will also examine the head kidney to determine if the immune system is activated in the resistant Nile tilapia. At later time points, we expect to find in the Nile tilapia transcriptome changes related to the immune system and apoptosis, which are down-regulated in the hybrid tilapia (28). Alternatively, we will examine insulin-related pathways, which we found to be highly expressed in susceptible fish (28). Moreover, insulin was suggested to act as an immunomodulatory hormone in fish, inducing immune suppression (66-68). Because we do not know how the Nile tilapia constrains myxozoan proliferation, the “omics” comparison is expected to be highly informative. In the myxozoan analyses, we will focus on samples from infected blue tilapia. We will compare between plasmodial stages to identify stage-specific transcripts related initially to cell division and, later on, to cell differentiation. While we have already generated myxozoan transcriptomic data from infected hybrid tilapia (27), adding data from blue tilapia will broaden our dataset and support our metabolic pathway analysis (see Aim 2). Enriched GO processes and KEGG pathways will be identified using Fisher’s exact test (FDR <0.05). Gene network interactions will be analyzed by STRING (http://string-db.org/). The transcriptomic profiles of each stage will be compared with proteomic profiles to reveal the expression dynamics, although we expect some divergence between the two profiles. We are specifically interested in several groups of proteins, including fish proteins that are highly and differentially expressed at early infection. These may serve as early biomarkers for parasite infection and may increase our understanding of the infection process. In the myxozoan, we are most interested in proteins that are highly and differentially expressed during early proliferation, which may be further tested as potential targets for therapeutic intervention. We predict that the myxozoan proteomic dataset will reveal proteins that may interact with the fish immune system. We also expect to find myxozoan proteins that are specific to the proliferating stages, as compared to the mature myxospore.  
· Conserved mechanisms of endoparasitism: To identify homologous proteins and molecular pathways across different groups of parasites (e.g. Polypodium hydriforme, Trypanosoma spp., Entamoeba spp., etc.), we will search the NCBI database of parasitic organisms, which currently contains 80 genome projects. Identified homologs will be analyzed phylogenetically to determine if valid protein markers for endoparasitism exist. Additionally, we will explore potential interaction between these myxozoan markers and proteins of the host immune response pathways.
To our knowledge, this will be the first comparative transcriptomic and proteomic study of myxozoan-fish interaction that will highlight genes, signaling proteins and molecular pathways needed for successful parasite infection and proliferation. 
Aim 2: Perform comparative metabolomics to identify metabolites that mediate myxozoan infection. Rationale:  Metabolites are key communication signals that are produced specifically in response to different pathogenic conditions. Thus, comparative metabolic profiling of infected vs healthy tissue provides important insight into disease susceptibility phenotype (69). Our initial untargeted metabolomics study indicated that new metabolites are synthesized in the parasite-infected gills, and principal component analysis demonstrated two separated clusters of metabolites in control and infected fish (see Preliminary results Fig. 4). These findings, together with recent demonstrations of this method to reveal host–pathogen interactions in fish diseases (45,46,50,51,70-73) and parasite infection (47-49), prompted us to propose a larger scale metabolomic analysis. We are, however, aware of the complexity of the method, and that although there are libraries of thousands of known metabolites, the number of identified metabolites is usually much smaller. To identify metabolites involved in host-parasite interaction, we will compare gills, head kidney and serum metabolomes of resistant Nile tilapia and susceptible blue tilapia before and during infection. The comparison between the two purebred fish will highlight metabolites whose expression is limited to either resistant or susceptible fish (Hypothesis 1). We will also look for metabolites that are synthesized in the gills in response to infection and then travel through the serum to the head kidney, as these might be related to the immune shutdown that we observed (Hypotheses 2 and 3). Overall, these data will inform us of metabolites potentially involved in adaptive responses and immune regulation. 
· Metabolomic analysis: We will use an untargeted metabolomics approach, i.e. exploration of the differences between metabolomes, which is used for discovery of biomarkers and metabolic mechanisms (74). Mass spectrometry (MS) is the main analytical tool for metabolomics, as it shows the chemical composition of a sample, and the structure, spatial and temporal distribution of each constituent, without the need for labels or probes (75). Samples from infected and uninfected fish from susceptible and resistance hosts will be obtained using the same experimental design as for Aim 1 (and indeed may be obtained simultaneously). However, this experiment is not dependent on the experiments in Aim 1 and can be done independently. Tissue samples from the gills, serum and head kidney of control and infected fish hosts will be extracted with methanol, followed by an untargeted LC-MS/MS metabolomic analysis. Methanol is a widely used solvent, which we have used successfully in our preliminary studies. However, if the results of Aim 1 suggest, for example, the involvement of fatty acids, we will change the solvent accordingly (76). Three biological samples will be analyzed from gills, head kidney and serum of two control host fish at three time points (the beginning, middle and end of the experiment) and the infected hosts fish at three stages of infection (108 samples in total). Each analysis will be supplemented with an internal standard to monitor changes in accuracy and retention time. Peak alignment will be based on MS1 and MS2 by MZmine software and GNPS (gnps.ucsd.edu). Background noise and baseline level peaks will be removed to avoid false discovery. Analysis will be done using algorithms of molecular networking that enable connecting structurally related molecules based on their fragmentation pattern obtained by tandem MS (77,78). Comparative metabolomics will be performed using online tools including MZmine and GNPS molecular networking (77,79). This will enable the characterization of a “disease state” profile and annotation of differential biomarkers.
	This part of the study will provide extensive data on metabolites and their networks and specifically highlight signaling metabolites that are involved in host-parasite interaction during M. bejeranoi infection.
· Comparative analysis of results of Aims 1 and 2: By this stage, we will have obtained transcriptomic and proteomic datasets for both hosts and parasite as well as metabolomic profiles, which we will combine. First, for each of the datasets (matrices), feature selection, i.e., genes, proteins, or metabolites, will be applied to attenuate effects of redundancy among features, sparsity and low variance and to level the number of features for each “omic” block (80). We will use the filter method mRMR (81), recently recommended particularly for multi-omics datasets (82). We will then apply and compare two data integration methodologies: unsupervised dimensionality reduction methodology, as implemented in the Multi-Omics Factor Analysis (MOFA) tool (83) and a supervised graph-based approach, using graph convolutional networks, as implemented in MOGONET (84). Both approaches will allow the identification of unique, infection stage-specific biomarkers, including transcripts, proteins and metabolites.  
	The outcome of this analysis will provide a comprehensive insight into host-parasite interaction in susceptible and resistant hosts, which will be supported by three levels of information (genes, proteins and metabolites).  The results will be further tested and validated in Aim 3.
Aim 3: Construct a molecular model of the processes that unfold during myxozoan sporulation by comparative proteomics, metabolomics and expression analyses. Rationale: This part of the study aims to identify key molecular pathways and proteins that are activated during advance stages of infection (Hypothesis 2). Therefore, the analysis will be limited to the susceptible blue tilapia host, when parasite cysts are visible (Fig. 1B). For that, we will perform spatial proteomics followed by spatial metabolomics and then test the findings by spatiotemporal gene and protein expression analyses. We will analyze the spatial distribution of proteins and metabolites in infected gills using MALDI imaging. This method provides an overview of the spatial distribution of proteins and metabolites (using different settings), which enables identification of molecules of interest. The selected parent mass ions of the molecules can be displayed by pseudo-color based on their intensity in each pixel, creating a distribution map (75,85,86). The advantage of this method is that it maintains tissue integrity, thereby facilitating correlation of the MALDI results with histological findings, which will provide unique insights into the spatial distribution of molecules that is not offered by other techniques (87,88). To determine where proteins are produced following infection and how they are distributed, we will look for different patterns of proteins in and around the cyst area, compared with uninfected tissue using untargeted MALDI imaging. Notably, we will also be able to differentiate between fish and parasite proteins on the infected gills using the newly generated proteomic data from Aim 1 and having already generated large datasets for the parasite (see Preliminary Results Tables 1 and 2 and Fig. 5). However, we will also use targeted MALDI imaging for specific proteins that we will identify in Aim 1 (89-91). For example, we will analyze expression patterns of cytokines and HSP90 , which we previously identified in infected gills as well as in the hematopoietic organs (28). Similarly, we will examine the spatial distribution of metabolites. Thereafter, we will correlate the obtained spatial information with the proteomic results of Aim 1 and metabolic pathways identified in Aims 1 and 2 to determine whether cyst metabolites originate in parasite or host. While it is very likely that the parasite exploits the host for metabolite production, the spatial proteomics and metabolomic analysis of cysts will allow us to identify specific metabolites that are synthesized or induced  by the myxozoan (92). Finally, to associate between selected metabolites or proteins and differentially activated metabolic pathways, we will analyze their temporal and spatial expressions.  However, if the untargeted spatial analysis produces less information than expected, we will concentrated on targeted MALDI imaging and “classical” expression analysis as described below to validate the results from Aims 1 and 2.
· MALDI imaging: We will use the Bruker Autofelx max, recently purchased for the interdisciplinary center for metabolomics at the University of Haifa, combined with flexImaging analysis software (see Luzzatto-Knaan Letter of collaboration). Tissue will be sectioned and mounted with matrix appropriate for either protein or metabolite imaging, then dried and subjected to a 20-50 m raster analysis to create distribution maps of individual molecules (88). 
· Gene and protein expression analysis: The dynamic spatiotemporal expression patterns of selected genes will be analyzed using real-time qPCR and in situ hybridization (ISH). We have already performed ISH successfully during the infection and through its progression (Preliminary Fig. 7). Abundance and distribution of key proteins will be validated by commercial antibodies, or by specifically generated antibodies for identified components using western blots and immunohistochemistry. These RNA and protein methods are used routinely in my lab on different cnidarian species (62,93).  
	The outcome of these analyses will generate a multi-dimensional visualization of the infection process highlighting key molecular players.
Preliminary Results
· Genomic and transcriptomic data of M. bejeranoi: We have generated a draft genome for M. bejeranoi with BGI using long fragment read technology (94). After read filtering against existing blue and Nile tilapia genomes, the resulted genome size was 193 MB. We have generated de novo transcriptomic data from isolated cysts and infected gills, which contain 11,399 unique transcripts. These transcripts were functionally annotated using Trinotate and analyzed by BLASTX against the NCBI nr database and Kyoto Encyclopedia of Genes and Genomes (KEGG). The raw sequence data is publicly available in the NCBI SRA database under Bioproject accession PRJNA995317 and the transcriptome is publically available at DDBJ/EMBL/GenBank under the accession GKNV00000000. 
· [bookmark: _GoBack][image: ]Comparison of cytokine gene expression in blue and Nile tilapia before and after myxozoan infection. Our recent data demonstrate that the both tilapia species are infected by the parasite. However, in the Nile tilapia, the parasites did not proliferate, cysts did not develop and parasite levels decreased during the month following infection (39). Our preliminary data also indicate that the cytokines IL1 and TNF are upregulated in infected Nile gills. In contrast, there is t no change in expression between control and infected gills in blue tilapia. These results suggest that the Nile tilapia is resistance to M. bejeranoi and upon parasite penetration, recognize the invader and activate its immune system.
Figure 3. qPCR determination of fish cytokines and M. bejeranoi SSU rDNA in infected blue and Nile tilapia relative to control uninfected fish. The two species were exposed to the parasite for one-week, and samples were collected at three time points: before exposure (control), at 0 days post exposure (dpe), and at 30 dpe. (A,B) RNA was extracted from gills of these samples and cDNA was synthesized and tested by qPCR. (A) IL1 cytokine relative quantification (RQ) shows significantly elevated expression of IL1β in Nile tilapia at 0 dpe and at 30 dpe the level dropped but remained significantly higher compared to control uninfected Nile tilapia. However, there was no difference in IL1β expression between control and infected blue tilapia. (B) TNF relative quantification in Nile tilapia was upregulated, increasing approximately 100 times at 0 dpe and reaching 400 times at 30 dpe compared to control uninfected fish. In contrast, the levels of TNFα in blue tilapia remained constant, similar to the control. The results were normalized to GAPDH in tilapia. Experiments were performed with at least four biological replications, and the results are presented as the average fold change ± SE. (C) Infection Levels of M. bejeranoi SSU rDNA in the above samples were tested using qPCR of M. bejeranoi SSU rDNA. In control, uninfected fish, the parasite was undetected.   Interestingly,  the normalized expression levels were similar in blue and Nile tilapia at 0 dpe, However, at 30 dpe, the level of the parasite increased in blue tilapia but decreased in Nile tilapia, indicating that Nile tilapia exhibit resistance to the infection. Note that the y axis is in logarithmic scale.  
· [image: ]Metabolomic analysis of control and infected hybrid tilapia gills: Samples were extracted with methanol and analyzed with liquid chromatography - tandem mass spectrometry (LC-MS/MS). For feature detection and molecular networking, data were processed using the online GNPS interface with the classical and MolNetEnhancer workflows. Metabolites from different groups such as lipids, organic oxygen compounds, benzenoids, nucleosides and more were identified. The results demonstrate different clusters of control and infected metabolites, as well as 77 metabolites that were uniquely expressed in infected gills (Fig. 4). 
Fig. 4. Characterizing disease-associated markers by LC-MS/MS-based metabolomics. A) PCA analysis of control healthy gills vs parasite infected gills (n=4). B) Venn diagram showing both common and specific metabolites in control and infected gills, suggesting that specific metabolites are synthesized during parasite infection. C) Networking highlights clusters of structurally related compounds, annotation and differential abundance. D) Characterization of selected compounds (marked in square in C), which are found only in infected samples. The LC and MS/MS spectra of a specific compound are shown below.
· This will be update Differential expression of M. bejeranoi transcripts following fish infection: Hybrid tilapia were exposed to M. bejeranoi for 24 h and gill samples extracted at 0, 10 and 20 dpe were subjected to RNA sequencing. The results demonstrate increased expression of parasite transcripts over time (Fig. 5). This analysis is in progress and the obtained data will be compared to blue tilapia infection data.
[image: ]
Figure 5. Heat map of M. bejeranoi RNA expression over time (0, 10 and 20 dpe) shows three main clusters of expression. The experiment was done in three biological replicate. 

· This will be update Protein content of the fish host and parasite: Our initial test of protein extraction from M. bejeranoi and infected gills of hybrid tilapia revealed ~1900 fish protein groups and ~500 myxozoan protein groups (Fig. 6). The analysis, in which we tested the extraction buffer, demonstrates that both host and parasite proteins can be obtained from the same tissue sample. 

Figure 6. Proteomic analysis of isolated cysts from parasite-infected fish gills revealed fish and myxozoan proteins.




· This will be changed Spatial analysis of parasite SSU rRNA expression. We tracked the invading parasite using in situ hybridization for M. bejeranoi rRNA on infected gill samples. We detected expression at both early (Fig. 7A) and advanced stages of infection (Fig. 7B).
[image: ]
Figure 7. Whole-mount in situ hybridization for M. bejeranoi SSU rRNA in parasite-infected hybrid tilapia gills. A) Cysts at different developmental stages (arrows). Bar, 50 m. B) A cyst full of spores at an advanced infection stage. Bar, 50 m. C) Control uninfected fish. Bar, 20 m.

Feasibility, available resources and expected pitfalls
	The feasibility of our proposed approach is supported by the following: 1) We have access to infectious myxozoan material and both uninfected and infected fish through our collaboration with the Central Fish Health Laboratory and the Dor Research Station (22,28) (see Letter of Collaboration). 2) We are experienced with transcriptomic and proteomic analyses, including profiling of myxozoan proteomes, and we have established a bioinformatics pipeline in collaboration with the University of Haifa Bioinformatic Unit (11,58,59,61) (see Letter of Collaboration). 3) We recently won a large institutional VATAT grant to establish a metabolomics unit. This unit will be equipped with MALDI-TOF and LC-ESI-MS/MS for chemical and structural characterization, and for imaging mass spectrometry (IMS) of spatial patterns of molecules in tissue section. This unit will be operational in the summer of 2023 (see Letter of Collaboration). 4) The PI is highly experienced in the field of cnidarian biology, including 10 years in leading biotech companies in the fields of healthcare and drug delivery (95-98) and see CV). 5) We are consulting with  XXX who is expert in YYY  (see Letter of Collaboration). 6) We have an ongoing collaboration with Prof. Bartholomew and Dr. Atkinson at Oregon State University, USA, who are experts on myxozoan molecular characterization (see Letter of Collaboration). 
	As in any scientific investigation, some of the proposed experiments may take longer than expected and we have addressed that in relevant sections by suggesting alternative pathways. Over the years and in our current ISF-funded project, we have gained considerable experience in designing field experiments and collecting samples. In addition, we propose to use experimental techniques with which we are highly experienced or have strong technical support. The metabolomic analysis of Aim 2 is the most risky part of our proposal; however, we have already gained experienced with this method (See Preliminary Results) and we are supported by a leading expert in this field (See letter of Collaboration). The three aims in the proposal are interconnected, but they are not dependent on each other. In each aim, we take a different approach to address the molecular mechanism underlying host-parasite interaction. Therefore, each aim can be pursued independently and provide meaningful insight into the research questions, which may be published separately. Nevertheless, combining the obtained results will provide a comprehensive picture of the molecular response to myxozoan infection.
	My lab has the equipment and expertise required for executing the proposed project. The lab is equipped for biochemistry, cell biology and molecular biology experiments, including RT-PCR, UPLC with a diode-array detector, autosampler and fraction collector, Zeiss fluorescence AxioImager M2 and Nikon AZ100 microscopes, NanoDrop, electrophoresis apparatus for DNA, RNA and protein separation, and other standard molecular biology equipment. We have dedicated cnidarian cultivation rooms, including cooled incubators, large controlled aquarium tanks and access to wild-caught material through shared resources of the Marine School Diving Center. We also have access to SEM and TEM through the University of Haifa Electron Microscope Facility, and to the services of the Bioinformatics Unit at Haifa University, including proteomic analysis software. In addition, we have access to the wet laboratory facilities of the Central Health Fish Laboratory for conducting fish infection experiments. These available resources will allow my team to perform the state-of-the-art research described in this proposal successfully and accomplish the project’s aims.
[bookmark: _Hlk497110343]
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