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Bloom-forming phytoplankton are key players in aquatic ecosystems, fixing carbon dioxide and forming the base of the marine food web. Diverse stresses, such as nutrient depletion, temperature increase, and pathogen emergence can influence the health and dynamics of algal populations. While population responses to these stressors are well-documented in the aquatic ecosystems, little is known about the individual cellular adaptations. These are however the key to an in-depth physiological understanding of microbiome dynamics in the plankton. Finding solutions to disease control in aquaculture also depends on knowledge of infection dynamics and physiology in algae. Single-cell metabolomics can give insight into infection processes by providing a snapshot of small molecules within a biological system. We used a single-cell metabolome profiling workflow to track metabolic changes of diatoms and dinoflagellates subjected to parasite infection caused by the oomycete Lagenisma coscinodisci and the alveolate Parvilucifera spp. We accurately classified the healthy phenotype of bloom-forming phytoplankton, including the diatoms Coscinodiscus granii and Coscinodiscus radiatus, and the toxic dinoflagellate Alexandrium minutum. We discriminated the infection of the toxic dinoflagellate A. minutum with the alveolate parasitoids Parvilucifera infectans and P. rostrata down to the single-cell resolution. Strain and species-specific responses of the diatom hosts Coscinodiscus spp. Infected with the oomycete pathogen Lagenisma coscinodisci could be recognized. LC-HRMS and fragmentation pattern analysis enabled the structure elucidation of metabolic predictors of infection (guanine, xanthine, DMSP, and pheophorbide). The purine salvage pathway and DMSP lysis could be assigned as regulated processes during host invasion. The findings establish single-cell metabolome profiling with LDI-HRMS coupled with classification analysis as a reliable diagnostic tool to track metabolic changes in algae.
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HIGHLIGHTS

• Intracellular parasitic diseases control the health and dynamics of bloom-forming algae but are strenuous to detect in natural populations and aquacultures.
• We use a single-cell LDI-HRMS profiling workflow coupled with classification analysis to track metabolic changes of diatoms and dinoflagellates subjected to parasitic intracellular infection caused by oomycete Lagenisma coscinodisci and alveolate Parvilucifera spp.
INTRODUCTION
Plankton blooms are mass occurrences of unicellular algae from a single species. They are composed of cells with heterogeneous physiology. Stresses, caused by temperature elevation, nutrient depletion, or pathogen infection can influence the metabolic activities of phytoplankton and the persistence of blooms (Rosenwasser S. et al., 2014; Levitan et al., 2015; Marañón et al., 2018). Opportunistic pathogens such as parasites that infect cells intracellularly are frequent in all classes of bloom-forming phytoplankton. They often contribute to bloom termination and shape species succession in the microbial community of the plankton (Deng et al., 2022).
Most of our knowledge of parasite infections in phytoplankton is derived from microscopic observations (Jephcott T. G. et al., 2016; Chambouvet et al., 2019). These studies show that uninfected cells and cells at different infection stages coexist in natural populations. Accordingly, cells within one bloom exhibit a high phenotypic diversity, despite belonging to a single species. This diversity within a phylogenetically homogeneous population can reflect local infection dynamics, genotypic variability of host resistance traits, or the different fitness of the individual host cells caused by aging or access to nutrients. However, it is unclear which factors control the observed variability and the diversity of responses. We hypothesize that this lack of knowledge might be overcome by using single-cell LDI-HRMS profiling to resolve phenotypic plasticity with a cellular resolution. This approach can provide in-depth insights into the physiological responses to (a)biotic stresses, thereby revealing metabolic changes in algal populations (Baumeister et al., 2019). Knowledge about the metabolic processes also allows for the identification of pathogenicity mechanisms (Vallet et al., 2019). Common metabolomics approaches are suitable for tracking the metabolic changes in cultures and complex heterogeneous plankton communities, but they average thousands of cells and neglect cellular individuality. Single-cell mass spectrometry can reliably profile metabolites of living cells kept in their native environment (Fujii et al., 2015; Yang et al., 2017). Measurement of individual cells by laser desorption ionization mass spectrometric (LDI-MS) analysis (Jaschinski et al., 2014) allows for the rapid profiling of hundreds of metabolites associated with a phenotype (Duncan et al., 2019). Single-cell LDI-HRMS profiling expands this strategy by classifying the metabolic patterns of the investigated cells. Thereby metabolomics offers the chance to explain phenotypic variability (Chappell et al., 2018), and disease dynamics and facilitates the identification of the involved key metabolites. This methodology served to generate metabolic fingerprints of nitrogen-deprived microalgae (Krismer J. et al., 2016), identify diverse microalgal species within complex communities (Baumeister et al., 2020), and monitor alkaloid production during the oomycete infection of marine diatoms (Vallet et al., 2019).
Here, we demonstrate the utility of single-cell LDI-HRMS profiling coupled with a classification analysis for diagnosing individual algal cells picked from cultures subjected to parasite infection. We selected two marine parasite models available in culture. The oomycete Lagenisma coscinodisci is a specialist obligate parasitoid of the diatom genus Coscinodiscus, causing host disease and cell death (Thines et al., 2015). The parasite uses flagellate zoospores that attach to and penetrate host cells to form a branched thallus with stout hyphae in the hosts. These hyphae develop into sporangia, in which new zoospores are formed in the late stage of infection (Drebes 1968).
The alveolate pathogens Parvilucifera rostrata and P. infectans are intracellular generalists that affect many dinoflagellates (Alacid et al., 2017). The algal hosts include the harmful bloom-forming dinoflagellates Alexandrium, Dinophysis, Gambierdiscus, Ostreopsis, and the non-toxic Scrippsiella (Garcés et al., 2013a; Lepelletier et al., 2014). All those parasites are essential components of aquatic ecosystems, coexist and coevolve with their host while contributing to the food web structuration (Wetsteyn and Peperzak 1991; Gil et al., 2004; Blanquart et al., 2016).
We developed and applied a single-cell analysis pipeline starting with live infected and non-infected host cells that are kept at ambient pressure, temperature and salinity until disruption by a laser pulse. Data are generated within milliseconds and can be evaluated by multivariate statistical methods to characterize the respective LDI-HRMS spectra. We can resolve cellular individuality in phytoplankton populations, thereby paving the way to understanding species survival in infected communities. We also unravel cellular metabolic re-wiring associated with parasitism by combining single-cell metabolomics with classification analysis based on a Support-Vector Machine algorithm. The diagnostic identification of stressed cells provides a new method to characterize parasite infection in diatoms and dinoflagellates populations.
RESULTS
Single-cell profiling of parasite disease in diatoms and dinoflagellates
We developed and applied an analysis pipeline, from the single-cell isolation of infected and non-infected algal cells to the evaluation of their respective single-cell profiles obtained by LDI-HRMS (Figure 1). This enables the identification of metabolic predictors of the disease caused by Lagenisma coscinodisci and Parvilucifera spp. In our study, the infection of diatoms C. granii and C. radiatus was achieved by inoculating healthy cultures with Coscinodiscus cells that contain sporangia of different L. coscinodisci strains. We then let the disease spread within the diatom population within 2 weeks. The strains of the parasitoid Lagenisma coscinodisci were isolated during algal blooms of 2016, 2017, and 2019 at Helgoland, Germany (Supplementary Table S1), and cultures were established as described by (Buaya et al., 2019). We developed a workflow starting with sampling, single-cell sorting, and subsequent matrix-free LDI-HRMS analysis (Figure 1). This delivered LDI-HRMS profiles from infected or healthy algal cells that could be further statistically evaluated.
[image: Figure 1]FIGURE 1 | Single-cell metabolomics workflow provides cellular profiles with LDI-HRMS of phytoplankton under biotic stresses. The workflow combines cell sorting and microscopic observations, matrix-free LDI-HRMS profiling, and classification analysis to assign healthy diagnostic in algal individuals. Scale bar equals 50 µm.
Single-cell profiles were recorded with LDI-HRMS for the healthy and infected hosts C. radiatus and C. granii (Supplementary Figure S1). Therefore, we randomly selected cells in the early stage (few to no visual symptoms) and the sporangium phase (with clearly visible sporangia) and compared them to uninfected controls. Single-cell profiles were processed to subtract features from media and other contaminants obtained by measurement of blanks and normalized. The data processing yielded refined single-cell profiles with a coverage of 6 155 features (Supplementary Figure S1). Chlorophyll a at m/z 892.5353 ([M]+ • for C55H72MgN4O5) and its fragments at m/z 614.2378 and m/z 467.1717 were used as a physiological marker to indicate healthy algal cells in single-cell mass spectrometry (Baumeister et al., 2019). Classification analysis using single-cell profiles obtained healthy (n = 19) and infected (n = 125) cells allowed us to assign the healthy phenotype unambiguously to the respective spectra in C. granii (Figure 2A; Supplementary Table S2 CG/Lagenisma 5 strains). Using the same method, we assigned the health phenotype of C. radiatus using single-cell metabolites obtained from healthy (n = 31) and infected cells (n = 74) (Figure 2B; Supplementary Table S2 CR/Lagenisma 8 strains). The support-vector machine algorithm was selected over the random forest as the classification yielded the lowest error scores. Initially, we performed a pair-wise comparison of healthy diatoms and those infected with the respective parasite strains: five strains propagating in C. radiatus and eight in C. granii (Supplementary Figures S2A–E, S3A–H). We evaluated the overall classification using the support vector machine method by analyzing combined data sets for all eight C. granii and all five C. radiatus infections (Figures 2A, B). The diagnostic performance was evaluated by plotting the receiver operating characteristic (ROC) curves using the features model with the highest predictive accuracy. The ROC curves illustrate the relationship between sensitivity (true positive rate) and specificity (false positive rate) of the selected feature model used for each dataset (Campbell 1993; Baumeister et al., 2020). The area under the ROC curve (i.e. AUC) describes the performance of the selected features model, whereby the value can vary from 0.5 (no apparent accuracy) to 1.0 (perfect accuracy) (Hanley and McNeil 1982). An AUC of 0.7 is formally considered the minimum performance for a biomarker test in clinical metabolomics (Xia et al., 2013). For the infection with strain LagC19, LagCG, LagCRC2, LagCRMix, and LagC7, all cells of controls and infected cultures were classified correctly (Supplementary Figures S2B, S3A, G, H). The classification performance remained high for the overall combined data sets for all eight C. granii infections and all five C. radiatus with AUCs of 0.98 and 0.99 (Figures 2A, B).
[image: Figure 2]FIGURE 2 | Single-cell metabolomics revealed individual responses in bloom-forming phytoplankton during parasite infection. The classification analysis was conducted for the alga-parasite models (A) Coscinodiscus granii—Lagenisma coscinodisci, (B) Coscinodiscus radiatus—Lagenisma coscinodisci and (C) Alexandrium minutum—Parvilucifera spp. Receiver operating characteristic (ROC) curves (left side plots) demonstrate the ability to classify the healthy phenotype of phytoplankton with high performance as testified by the area under the ROC curve (AUC) values. The confidence interval (95% CI) estimates a low variance of the AUC. Using the best classifier based on AUC, the predicted class probabilities were plotted for algal individuals for each alga–parasite model (center plots, every dot represents an individual cell). The healthy phenotype was assigned correctly as predicted for algal individuals. Most significant features classifiers (m/z) found as top classifiers by the model are shown and ranked by their mean decreased accurary (Right side plots). The classification analysis for Coscinodiscus granii and Coscinodiscus radiatius dataset using the SVM algorithm (model with 100 features) and for Alexandrium minutum dataset using the Random forest algorithm (model with 100 Features).
We demonstrate that single-cell LDI-HRMS profiling can also be applied to other plankton models to classify and characterize cell infections caused by parasites in dinoflagellates. We used the dinoflagellate host A. minutum and two generalist parasitoid species, P. rostrata and P. infectans, to generate a dataset of 35 cell profiles using matrix-free LDI-HRMS. The infection of susceptible dinoflagellates was achieved in culture and led to the formation of a Parvilucifera sporangium (Supplementary Figure S4B, red arrows) that releases hundreds of flagellated spores capable of infecting healthy cells. Parvilucifera were maintained by controlled dinoflagellate infections. Therefore, the infected cultures containing sporangia and free-living spores were inoculated to healthy cultures for a week. Then cells from infected and healthy cultures were characterized by light microscopy and transferred to a wetted GF/C filter for mass spectrometry profiling with matrix-free LDI-HRMS. The dataset of cell profiles recovered by LDI-HRMS consisted of profiles from cells of healthy A. minutum (n = 23) or A. minutum infected either with P. rostrata or P. infectans (n = 12), yielding a data matrix of 12 189 features (m/z) (Supplementary Table S2). The data processing included blank subtraction, setting a signal-to-noise ratio of 1 and using the Interquartile range filter in MetaboAnalyst 5.0 (Chong et al., 2019) reduced the data matrix to 2 500 features (m/z). A Student’s test was conducted and 182 significant features (m/z) were found. High classification analysis was achieved as shown by a low error of 2.8% (AM/Parvilucifera, Supplementary Table S2). The performance of the assignment of the correct phenotype was high with an AUC value of 1 and significant features supporting the classification into the groups of infected or healthy cells were plotted (Figure 2C).
Identification of the metabolic markers in parasite-algae interactions
We then aimed at identifying the several features that significantly discriminated the healthy phenotype of algal cells. The classification analysis based on single selected classifiers revealed the features at m/z 592.2678, m/z 152.0565, and m/z 135.0473 as robust metabolic predictors of infected algal cells and were found in the features list from Student’s test analysis (Figure 3; Supplementary Tables S3–S7). The feature at m/z 592.2678 appeared in significantly differential intensity between healthy and infected cells (Student’s test p < 0.001, Supplementary Table S3) in the dataset C. radiatus - L. coscinodisci strain LagC19 that yielded the highest classification outcome (Figure 3A). While MS/MS identification in single-cell MS is limited to features with high intensity, additional LC-MS/MS analyses on bulk samples can facilitate the identification of features of interest. Therefore, infected cultures were extracted, and the extracts were separated and analyzed in an ultra-high performance liquid chromatography-electrospray ionization mass spectrometry (LC-HRMS/MS) analysis. The elemental composition of the ion at m/z 592.2678 was assigned C35H36N4O5 (calculated m/z 592.2680 ± 0.3 ppm for [M]+). The ion at m/z 593.2708 for [M + H]+ was also found as a significant feature in the classification analysis (Supplementary Table S4). Fragmentation of the precursor ion at m/z 593.2744 yielded three fragments at m/z 533.2338, m/z 505.2231, and m/z 460.2248 (Figure 3C), and spectral matching analysis found a 90.2% similarity with the tetrapyrrole-derivative pheophorbide a (COCONUT ID: CNP0334168). These fragments were also from the MS/MS analysis of the standard (Nguyen et al., 2016).
[image: Figure 3]FIGURE 3 | Identification of the metabolic markers in diatom Coscinodiscus-Lagenisma parasite (A) and dinoflagellate Alexandrium-Parvilucifera parasite (B,C) interactions. The investigation led to the identification of (A) pheophorbide a (feature at m/z 593.2678) (B) DMSP (feature at m/z 135.0473) and (C) guanine (feature at m/z 152.0567) as classifiers of the infected algal cells. Statistical significance was further confirmed in the Student’s test (p < 0.001) (Supplementary Table S3). For each feature, the abundance in single-cell LDI-HRMS profiles (left-side) and receiver operating characteristic curves (plots in the center) demonstrate that each feature can correctly classify the cell phenotype (Area under the curve AUCs >0.90). The confidence interval (95% CI) shows the true mean of the AUC values. The significant features were identified using HRMS/MS fragmentation spectrum (right side plot) and spectral similarity matching analysis. Referent MS/MS spectrum of guanine can be found at the open-source repository MassBank of North America (MoNA) (CCMSLIB00000479701).
To pursue the metabolite annotation in infected dinoflagellates A. minutum, bulk samples of Parvilucifera-infected cells were analyzed by LC-HRMS/MS. This investigation allowed the fragmentation analysis of identified markers of infection, such as the signal at m/z 135.0473 for [M + H]+ annotated as C5H10O2S (calculated m/z 135.0474 ± 0.7 ppm) was found as a significant metabolic predictor for infected dinoflagellate cells (Student’s test p < 0.001, Supplementary Table S4). The precursor ion at m/z 135.0473 yielded two diagnostic fragments, m/z 73.0284 and m/z 63.0265, in the LC-HRMS/MS spectrum (Figure 3B) that enable us to identify this feature as dimethylsulfoniopropionate (DMSP) based on the spectral similarity search with a previous report (Spielmeyer and Pohnert 2010). Furthermore, the significant feature at m/z 152.0565 for [M + H]+ was annotated with a molecular formula of C5H5N5O (calculated m/z 152.0566 ± 3.8 ppm) and characterized the infected Alexandrium minutum cells (Figure 3C, left side plot). The feature was identified as guanine according to the MS/MS fragmentation pattern and one fragment was found at m/z 135.0299 (Figure 3C, right side plot) which coincided with the spectra found in the MONA database search (CCMSLIB00000479701). Another significant feature at m/z 153.0404 for [M + H]+ was annotated as C5H4N4O2 (calculated m/z 153.0407 ± 1.9 ppm) and tentatively assigned to xanthine. Furthermore, dimethylsulfoniopropionate, xanthine, and guanine were also detected at m/z 135.0474, m/z 153.0407 and m/z 152.0566 as [M + H]+ respectively in the AP-LDI-HRMS analysis of standards (Supplementary data available at https://dx.doi.org/10.17617/3.50).
DISCUSSION
We applied the single-cell LDI-HRMS profiling methodology to host-parasite plankton models. We used the dinoflagellate host A. minutum and two generalist parasitoid species, P. rostrata and P. infectans, and the diatom host Coscinodiscus spp. And eight strains of the oomycete L. coscinodisci to generate single-cell profiles using LDI-HRMS. Cells were investigated at atmospheric pressure using LDI-HRMS without the need for laborious preparations. The use of matrix-free ionization enabled the detection of signals in the range of m/z 100 to 400 which is often dominated by matrix signals in conventional MALDI-MS analysis. Metabolites in the higher molecular weight range (m/z 700–1,000) were also detected. We selected a classification analysis based on the support vector machine algorithm which yielded the highest performance to identify metabolic predictors for infection from these data sets. We achieved the identification of metabolites found as significant features that characterized healthy or infected algal cells. In the diatom-parasite model, the tetrapyrrole-derivative pheophorbide was identified using MS/MS fragmentation pattern analysis and spectral database libraries. Pheophorbide a is one of the products derived from chlorophyll degradation in higher plants (Hörtensteiner and Kräutler 2011) and can function as a signal molecule that inhibits a specific enzyme and induces cell death (Hirashima et al., 2009). Pheophorbide-like compounds can be found in diatoms, as they can be produced after chlorophyll ingestion by grazing copepods (BuffanDubau et al., 1996). We can infer that this metabolite might be involved in the degradation processes generated by Lagenisma coscinodisci infection. Overall, only four metabolites could be identified with high confidence to the level 1, which is assigned to structures confirmed with MS/MS measurement of reference standards (Schymanski E. L. et al., 2014), and we used MS/MS analysis of commercial standards both with LC-HRMS/MS and MALDI-HRMS (Supplementary Table S4). Other infection predictors identified solely with their m/z values were displayed (Figure 2) and remain to be further explored. The low matching and identified features might be explained either because the different ionization type between LCMS and LDI-MS yields different ions or because the extraction with methanol enabled the recovery of different metabolites. The poor matching with MS and MS/MS databases could also be due to either the metabolites could be new unreported structures or the MS data for those compounds are not yet available in the screened databases.
When investigating the dinoflagellate-parasite model, significant features discriminating infected cells were identified as guanine, xanthine, and DMSP. Guanine and xanthine are two components of the purine salvage pathway involved in parasitic diseases in human cells (Campagnaro and de Koning 2020). We infer that the parasite disease caused by Parvilucifera involves the purine salvage pathway during host invasion and cellular breakdown. DMSP is an intracellular zwitterionic metabolite with many reported functions in plankton microbiome interactions (Deng et al., 2022). DMSP can be enzymatically hydrolyzed into acrylate and dimethylsulfide (DMS) in the dinoflagellate Alexandrium minutum (Caruana et al., 2012). Strikingly, DMS was previously identified as a density-dependent cue of algal hosts and controlled the switch of the parasitoid Parvilucifera sinerae between the sporangium stage and the free-living virulent form (Garcés et al., 2013b). The fact that DMSP was identified as a metabolic predictor of Alexandrium minutum infected by P. rostrata and P. infectans in our study indicates a conserved mechanism in the parasitoid genus Parvilucifera involving DMS as a chemical trigger. Hence, we suggest that DMSP might be a crucial regulator of Parvilucifera infection and might contribute to the bloom termination of the harmful alga A. minutum.
Single-cell profiling with LDI-HRMS can discriminate healthy from infected cells in plankton communities. We provide an analytical workflow starting from single-cell isolation to the generation and evaluation of single-cell profiles obtained from LDI-HRMS. The data allow for correctly diagnosing parasite infection in two major phytoplankton groups, diatoms and dinoflagellates. We highlight strain-specific differences for diseases caused by the parasitoids L. coscinodisci, P. infectans and P. rostrata in their respective algal hosts, the diatom Coscinodiscus spp. And the toxic dinoflagellate A. minutum. The metabolite classifiers identified using HRMS/MS analysis in bulk populations granted us some insights into the infection mechanism. This framework opens a venue to trace parasite epidemics in natural phytoplankton populations and study the effects of biotic stresses on the metabolism of algal individuals at fine time scales.
EXPERIMENTAL PROCEDURES
Materials
The organisms were obtained from the Roscoff Culture Collection (Supplementary Table S1) for dinoflagellate—parasite, and the Thines-lab for diatom—oomycete parasite systems (Supplementary Table S1). The oomycete strains were isolated from C. radiatus (Bloom 2016: LagCRC2, LagCR; bloom 2019: LagC19) and C. granii (Bloom 2016: LagCG, LagC2, LagCGMix, LagCRMix; bloom 2017: LagC7, LagCG8) (Buaya et al., 2019). All strains were maintained in both hosts (Supplementary Table S2). The diatom hosts and L. coscinodisci oomycete strains are available upon request from Marco Thines (m.thines@thines-lab.eu). The cultures were maintained under fluorescent lamps at 100 µE m−2 s−1 of irradiance with a 14 h: 10 h day/night cycle. Incubation temperatures were 16°C–12°C for the day/night light period for diatom—oomycete models and 19°C–16°C for the dinoflagellate - parasite system. The diatom-oomycete medium was prepared with 1% of Guillard’s f/2 medium (G9903 with silicate, Sigma-Aldrich, Munich, Germany) added to 0.22 µm filtered and autoclaved natural seawater (Helgoland, AWI, Bremenhaven, Germany). The dinoflagellate—parasite medium was prepared by adding 1% of Guillard’s f/2 medium (G0154 no silicate, Sigma-Aldrich, Munich, Germany) complemented to 3% with sterile-filtrate soil extract (Santec Coastal State Forest, France) to 0.22 µm filtered water from the Penzé estuary, sampled at a salinity of 27 PSU (Roscoff Marine Biological Station, Roscoff, France). The infection was propagated by inoculating healthy algal cells with infected algae in which the parasite has developed to the sporangium stage once a week (ratio 30: 100 parasite: host). L. coscinodisci was maintained in C. granii and C. radiatus hosts, and Parvilucifera spp. (P. infectans, P. rostrata) in A. minutum (Supplementary Table S1). The parasite cell suspension was obtained by adding 100 µL of infected cells to 30 mL cultures of the respective host during its exponential growth phase.
Infection and stress experiments
Diatoms. The host diatom cells were harvested by filtering cultures in the late exponential phase (400 mL in biological triplicates) over 40 µm pore-size nylon mesh (Corning Life Sciences). Filtered diatoms were re-suspended in 35 mL f/2 medium. Infection experiments of Coscinodiscus spp. Were performed by inoculating 40 µL of an infected culture at the sporangium stage into 35 mL cultures of the diatom hosts Coscinodiscus radiatus or C. granii (adjusted final cell concentration 1000 cell mL−1). The incubation lasted 3 days. The infection experiments with the respective pathogen strains and diatom species are summarized in Supplementary Table S2. Full nutrient-depleted diatom cells were recovered from healthy cultures after 15 days of incubation under the conditions of the oomycete/diatom models.
Dinoflagellates. For infection, 2 mL of 3 weeks old A. minutum cultures in the late exponential growth phase (cell concentration of 5 × 104 cell mL−1) were inoculated into 24-well plates (Sarstedt, Nuembrecht, Germany) and treated with 100 µL of a parasite cell suspension (104 cell mL−1) for 2 weeks.
All infection experiments were conducted in biological replicates. The degree of replication and the number of single-cell mass spectrometry profiles recorded are given in Supplementary Table S2.
Microscopy
Light microscopy pictures were taken with a × 40 and × 20 magnification with a 0.4 Ph2-Korr Achroplan objective with an Axiovert200 microscope (Carl Zeiss AG, Oberkochen, Germany). Single algal cells from untreated or parasite-treated cultures were sorted by pipetting under a Stereomicroscope (STB150, VisiScope, VWR), and apparent disease symptoms (development of fungal hyphae, presence of sporangium) were recorded before LDI-HRMS analysis.
Single-cell analysis with matrix-free atmospheric pressure Laser Desorption Ionization High-Resolution Mass Spectrometry (AP-LDI-HRMS)
Host cells were inspected with a stereomicroscope (VWR International GmbH, Dresden, Germany) and a digital microscope (Keyence, Neu-Isenburg, Germany) and 100 µL of cell suspension were sampled using a pipette following the previously described procedure (Baumeister et al., 2019). 100 µL of selected cell suspension was transferred to a sterile GF/C filter, beforehand cut in rectangles of 15 × 12 mm and wetted with 50 µL sterile medium. The samples were mounted and analyzed without any further preparation with an atmospheric pressure-scanning microprobe laser desorption ionization ion source (AP-SMALDI10, TransMIT, Gießen, Germany) equipped with a UV (337 nm) nitrogen laser (LTB MNL-106LD, LTB, Germany). Single cells were visually targeted with the laser on a GF/C filter by using an AP-SMALDI camera and the laser irradiation completely disrupted the cell within a minute yielding desorbed/ionized molecules. The AP-SMALDI10 ion source was coupled to a Q-Exactive™ Plus mass spectrometer (Thermo Fisher Scientific, Bremen, Germany), providing high-resolution mass spectra. MS data were collected using the Xcalibur software v.2.8 build 2806 (Thermo Fisher Scientific, Bremen, Germany). Samples were analyzed in positive ionization mode with a laser spot size of 10 μm. The number of laser shots per spot was set to 30 (approximately 1.2 μJ × shot−1) and a laser frequency of 60 Hz. The mass range was m/z 100 to m/z 1000 with a resolving power from 140 000 up to 280 000. A resolving power of 280 000 was used for analyzing diatom-Lagenisma samples and 140 000 for dinoflagellate-Parvilucifera samples. Single cells were targeted for 1 minute with the laser, resulting in cell profiles from LDI-HRMS.
Analysis of standards with AP-MALDI-HRMS
Analytical standards (dimethylsulfoniopropionate, xanthine, guanine) were obtained from Sigma-Aldrich. Methanolic solutions of each standard (20 mg mL−1) were mixed in a 1:1 (v:v) ratio with aqueous 2,5-dihydroxybenzoic acid (DHB) matrix solution and 1 µL was applied to microscope glass slides (Omni Slide Hydrophobic Array 26 × 76 mm, 66 well; Prosolia Inc.). The standards dimethylsulfoniopropionate, xanthine, and guanine were detected at m/z 135.0474, m/z 153.0407, and m/z 152.0566 as [M + H]+ (Supplementary data available at https://dx.doi.org/10.17617/3.50).
Data processing and statistical analysis
Raw data were converted into a netCDF format using the converter tool in the Xcalibur software (version 2.8, Thermo Fisher Scientific, Bremen, Germany). Features found also in the measurements of the medium blanks were removed, signals were normalized based on total ion current, and the signal-to-noise ratio (SNR) was set to 1 to include all signals detected using the MALDIquant package (Gibb and Strimmer 2012). The resulting dataset matrices containing the total number of features m/z (Supplementary Table S2) were analyzed using MetaboAnalyst 5.0 (Chong et al., 2019) to mine the significant features of the studied phenotype. All datasets were reduced to 2 500 features using the interquartile range (IQR) filter, and intensities were square-root transformed and Pareto-scaled to normalize the dataset and achieve a normal distribution. A Student’s test was conducted to identify significant features (p < 0.05) between control (healthy algal cells) and treatment (infected algal cells) (Supplementary Tables S2, S4, S5, S6). Single-cell profiles were investigated with a classification analysis based on either random forest or support-vector machine algorithms. The random forest algorithm used 1,000 classification-built trees to classify the individual cells using the features (m/z), providing an out-of-bag (OOB) percentage of error (Supplementary Table S2). The features model with the highest predictive accuracy was selected using the Biomarker Module in MetaboAnalyst 5.0. We conducted the Multivariate ROC curve-based exploratory analysis (Explorer option), testing support vector machine and random forest as the supervised learning methods for the classification analysis. These algorithms identified important features through repeated random sub-sampling cross-validation, with two-thirds of the samples used to evaluate the importance of each feature based on the mean decreased accuracy values. We choose the features with the higher value of mean decrease accuracy, which testified of higher significance to classifying the healthy phenotype. To build the classification, we selected the model yielding the highest accuracy with the number of significant features characterizing the highest predictive accuracy. The receiver operating curves (ROC) were built to plot the true positive rate in function of the false positive rate, with the area under the curve (AUC) being the measure of how well the selected model can distinguish between the two diagnostic groups (infected vs infected). The confidence interval was computed for each dataset. The diatom-oomycete dataset comprised 50 samples from healthy cultures (C. granii n = 19, C. radiatus n = 31) and 199 samples from cultures infected with the different Lagenisma parasite strains (Supplementary Table S2). The dinoflagellate-Parvilucifera dataset comprised 23 samples from healthy cells (A. minutum n = 23) and 12 samples from infected cultures at the sporangium stage with apparent symptoms (P. rostrata n = 5, P. infectans n = 7). Figures were prepared in Adobe® Illustrator CS6.
Metabolite identification
The identification of the significant features found by the classification analysis was conducted based on their MS/MS fragmentation pattern using LC-HRMS/MS profiling of methanolic extract of infected cells. We searched among the significant features those who could be identified in infected cell extracts analyzed by LC-HRMS/MS using spectral similarity and could identify only four features using commercial standards (Supplementary Table S4). To obtain the methanolic extracts of cell cultures, a gentle filtration of the exponentially growing cells was conducted onto a 25 mm GF/C microfiber filter (Whatman) under vacuum at 800 mbar, and the wet filter was transferred to 2 mL safe-lock Eppendorf tubes. Extraction was conducted by adding 1.6 mL of cold methanol and sonicating the samples in an ultrasonic bath (Bandelin, SONOREX™, Berlin, Germany) for 10 min at room temperature. The samples were centrifuged for 20 min at 12 000 g. The extracts were dried under nitrogen flow and taken up with 100 µL of methanol: water (1: 1). 1 µL was analyzed with ultra-high performance liquid chromatography-electrospray ionization mass spectrometry (UltiMate 3000 UHPLC Dionex) using an Accucore C-18 column (100 × 2.1 mm, 2.6 µm, Thermo Fischer Scientific) coupled to a Q-Exactive Plus Orbitrap mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). Metabolites were separated with a 10 min gradient, with 100% of the aqueous phase (2% acetonitrile, 0.1% formic acid in water) for 3 min, then an increase of the acetonitrile phase (0.1% formic acid in acetonitrile) for 8 min until reaching 100%. Equilibration with 100% of the aqueous phase was pursued 1 min. The flow rate was increased from 0.4 to 0.7 mL min−1 in 8 min and set back to 0.4 mL min−1. All LC-based mass spectrometry experiments were conducted in positive-ion mode with a scan range of m/z 100 to 1000 and the resolution set to 140 000. The LC-HRMS/MS analysis was performed using the targeted parallel reaction monitoring (PRM) method, with an isolation window of m/z 0.4, normalized energy collision of 30 with the resolving power set to 140 000. MS/MS spectra (Figures 3, Supplementary Figure S1) were analyzed and searched in public spectral databases and repositories METLIN, LIPID MAPS®, MoNA using a mass deviation of 5 ppm. The mass measurement accuracy (MMA) of Orbitrap mass spectrometers is 1–5 ppm according to the manufacturer’s specifications (Makarov et al., 2006) and a 5 ppm mass tolerance was selected for the analysis in both MS and MS/MS spectra from Orbitrap mass spectrometers. MS/MS spectra were further analyzed with SIRIUS, CANOPUS (Dührkop et al., 2021), and CSI: FingerID (Dührkop et al., 2015). The feature-assigned metabolites were used in the univariate ROC curve analysis to test their potential as a discriminator of the two diagnostic groups (Figure 3).
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