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Fungal contributions to ecosystem processes are well documented for terrestrial systems yet oceans, which account for most of the Earth’s surface, have remained poorly explored with regards to organisms in this kingdom. Here, we demonstrate that, although in low relative abundance (i.e., fungal reads made up 1.4–2.9% of the metagenomes), fungi contribute to both phylogenetic and functional microbial diversity with a conserved fungal presence in global marine samples. Universally distributed taxa and functions implicate them in complex carbon and fatty acid metabolism, with depth stratification along pelagic zones. Functional differences in observed genes between epipelagic and mesopelagic waters indicate changes in UV protection, shift to carbohydrate limited diets, as well as alternative energy sources. Metagenomic data also provided evidence for a latitudinal gradient in fungal diversity linked to temperature shifts. Our results suggest that fungi contribute to multiple biogeochemical cycles in the pelagic ocean, and could be integral for ecosystem functioning through provision of key nutrients.
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INTRODUCTION

Modern marine microbial ecology has focused on the prokaryotic component, with other organisms such as fungi being understudied in comparison to their terrestrial counterparts. Despite detection of fungi in many different marine environments via metabarcoding, from sub-seafloor sediments to open ocean waters (Nagahama et al., 2003; Pang and Mitchell, 2005; Bass et al., 2007; Zuccaro et al., 2008; Gao et al., 2010; Jebaraj et al., 2010; Edgcomb et al., 2011; Amend et al., 2012; Jones and Pang, 2012; Richards et al., 2012; Burgaud et al., 2013; Rama et al., 2014; Wang et al., 2014; Yarden, 2014; Gutiérrez et al., 2016; Taylor and Cunliffe, 2016), their diversity and functions in the ocean remains largely unknown. Recent evidence suggests that fungi interact with other members of marine ecosystems (O’Rorke et al., 2013; Yarden, 2014), and may play key roles in biogeochemical cycles in deep-sea sediments (Orsi W. et al., 2013; Orsi W.D. et al., 2013). However, concerning the pelagic fungi, little is known about their function, distribution, and the factors controlling both their diversity and function.

In contrast, we know that the biogeography of pelagic marine bacteria is governed by latitude and temperature (Fuhrman et al., 2008). We also know that dramatic shifts in prokaryotic community composition occur between epipelagic and mesopelagic zones (Giovannoni and Stingl, 2005), and that these zones are linked to concurrent shifts in functions (DeLong et al., 2006). Whether pelagic fungi share the same or related distribution patterns as marine bacteria is currently unknown. Studies addressing some of these questions have identified temperature and salinity (Booth and Kenkel, 1986), as well as location (Rama et al., 2014) as potential drivers of fungal community composition. Next generation sequencing (of fungal ITS region) showed changes in fungal communities linked to specific habitats (i.e., estuarine, coastal, and oceanic) associated to shifts in salinity, temperature, oxygen, and nutrients (Jeffries et al., 2016). In the only global-scale analysis of marine fungal community structure thus far available, depth, oxygen, and nitrate strongly correlated with fungal community composition (based on the nuclear ribosomal small subunit V9 region) (Tisthammer et al., 2016).

Far less is known about specific fungal functions in the ocean, the mechanisms that control the abundance and activity of these functions, and their relevance to the marine ecosystem. Recent evidence points to high activity of fungi in marine sediments linked to nutrients dynamics, with 5–20% of identified transcripts mapped to a fungal host (Orsi W.D. et al., 2013). Fungi were also found in sea ice where members of the fungal phylum Chytridiomycota were reported to be actively parasitizing light-stressed diatoms (Hassett and Gradinger, 2016). Also, a study conducted in the upwelling zone off Chile reported a main role for fungi in the extracellular enzymatic hydrolysis of organic polymers (Gutiérrez et al., 2011). Recent work taking advantage of next generation sequencing on fungal marker genes (Jeffries et al., 2016; Tisthammer et al., 2016), have started to shed some light on the distribution and roles of pelagic fungi, but direct links between taxonomy and function are still sparse. The application of metagenomics to marine pelagic fungal communities might provide unprecedented and relevant information about their ecology and function, although the lack of fungal gene database makes identifying fungal genes (particularly of novel clades and chytridiomycota) in the marine environment a difficult task.

In this study we take advantage of metagenomics to characterize the community structure and functional potential of pelagic fungi at both local and global scales. We aimed at identifying globally dominant taxonomic groups of marine fungi, conserved (core) functions, and patterns of biogeography and potential drivers of biogeochemical cycles. To do this, we used local data from the Munida Microbial Observatory Time-Series (MOTS) transect across the subtropical frontal zone in the Pacific east of New Zealand, where strong shifts were recently found in microbial community composition and function (Baltar et al., 2015, 2016; Morales et al., 2018), and from the TARA Oceans project (Armbrust and Palumbi, 2015). We hypothesized that pelagic fungi would be involved in multiple biogeochemical cycles in the pelagic realm as previously reported for the deep sediment biosphere [primarily linked to nitrogen, carbohydrate, amino acid, and lipid metabolism (Orsi W. et al., 2013)]. We also hypothesized, based on prior evidence for vertical changes in marine fungi (Gao et al., 2010; Wang et al., 2014), that fungal pelagic community composition and functions will shift in response to depth, as observed for marine bacteria (DeLong et al., 2006).

MATERIALS AND METHODS

Sample Collection

Samples were collected at the MOTS1 (Supplementary Figure S1 and Supplementary Table S1). The sampling strategy and nucleic acid extraction methods used to collect samples for the MOTS transect are described elsewhere (Baltar et al., 2015, 2016) and samples used in the present study are listed with corresponding metadata in the SI Metadata. Briefly, surface (2 m) samples were collected on 5 l acid-washed plastic bottles and 0.5 and 0.6 l of seawater were filtered through a 0.22 μm polycarbonate filter. From the MOTS transect, four samples were utilized for metagenomic sequencing representative of biological duplicates for surface waters within the nutrient-poor subtropical waters (STW) and the cold, macronutrient rich (but iron-limited) sub-Antarctic waters (SAW). Two additional mesopelagic (500 m) samples from SAW were included for a total of six samples analyzed from MOTS. Total community DNA was extracted from each filter separately using a MoBio PowerSoilTM DNA Isolation Kit (MoBio, Solana Beach, CA, United States) as per manufacturer’s instructions, with final elution into 50 μl. DNA quality and quantity was assessed using a Nanodrop Spectrophotometer (Thermo Fisher Scientific). Metagenomes from the MOTS transect are available through the MG-RAST server with ID numbers 4662524.3–4662529.3. Samples of the Tara Oceans project (Armbrust and Palumbi, 2015) were also used in the present study, their accession numbers are listed in the SI Appendix. A total of 42 metagenomic libraries (paired end Illumina HiSeq 2000) were selected from the Tara Oceans project representing 14 stations across five oceanic regions (the Pacific, Atlantic, Indian, Southern, and Arctic Oceans) and covering multiple sampling depths (Supplementary Figure S1 and Supplementary Table S1). Samples were selected to provide broad representation of oceanic ecosystems across the globe, and major transitions across both surface and depth. Libraries were selected to ensure that for each site in our study data was available from at least two depths representative of the epipelagic and mesopelagic zones, and that all data was generated from the same fraction size (0.2 μm). Samples were collected during two time periods, with all samples within neighboring regions collected during the same period. Additional information is found in Supplementary Dataset.

Metagenomic Analysis

Metagenomes from the MOTS transect were generated using the Illumina Nextera XT library preparation kit. Samples were then run on a single MiSeq 2 × 250 base paired end run. Sequences were annotated using the MG-RAST server (Meyer et al., 2008). Sample counts ranged from 2,015,852 to 5,249,491 before quality control. After removal of low-quality reads, sequences were classified using the M5NR protein and Silva SSU ribosomal databases using default settings. Relative abundance matrices generated from either database were imported into JMP for principal component analysis. Bray Curtis distance matrices generated from either the M5NR protein or the SILVA SSU results where compared to each other using a Mantel correlation using the “vegdist” and “Mantel test” functions in the vegan and ade4 R packages (R Development Core Team, 2008). An additional protein classification using eggNOG was also carried out. A Bray Curtis distance matrix was generated based on the relative abundance matrix and used to compare sample clustering to the SILVA SSU results as above (Supplementary Figure S2). Matches to fungal taxa were extracted and used for plotting and multivariate analysis.

To allow for detection and comparison of functions specific to fungi, the paired end FASTQ files for all samples were merged with PEAR (Version 0.9.5) and reads that successfully merged to its pair with a minimum length of 120 nucleotides were retained. The resulting data were then subsampled at random to an equal depth of 1.472,710 reads. A local database was created for each of the following: NCBI RefSeq fungi (release 72, September 2015) and fuNOG (eggNOG v4.0). All subsampled libraries were screened against RefSeq fungi and fuNOG protein sequences using BLASTX (word size 3 and e-value 10). Only those reads matching both databases (with a minimum length of 40 amino acids and identity of 60%) were retained as putative fungal reads. Reads with matches to either bacterial (bactNOG) or archaeal (arcNOG) databases were removed. Taxonomy for putative fungal reads were assigned by using the best match with the database (fuNOG) and retrieving lineages for each match from NCBI taxonomy files (gi_taxid_prot.dmp, names.dmp, and nodes.dmp). An abundance matrix was created consisting of a unique taxa + function cluster (reads classified to closest function and host organisms) based on fuNOG and NCBI refseq genomes. A summary table containing a unique “function + species” was generated with the number of hits per sample. While this approach will decrease our sensitivity (increase our rate of false negatives), it ensures high specificity (low rate of false positives) to fungally derived reads. Data was ordinated using the “ordinate” functions on a Bray Curtis distance in the phyloseq (McMurdie and Holmes, 2013) R package. To correlate specific variables potentially linked to clustering of samples a distance matrix was created from a mapping file variable (i.e., salinity and depth) using the “distance_matrix_from_mapping.py” command and compared using a Mantel test using the “compare_distance_matrices.py “ command in MacQiime (Caporaso et al., 2010). To display changes in taxonomic groups across depth, reads were agglomerated based on phylum and plotted. This was repeated based on both genera and function, but only the top 50 most abundant groups were used to plot results. To determine the clustering of samples based on physicochemical parameters, metadata for the Tara ocean project metagenomes was trimmed to a basic file containing only those variables with values present for all samples. This file was imported into JMP and used for a principal component analysis (Supplementary Figure S3) with resulting factor analysis for the first three components presented in Supplementary Table S3. Results supported the clustering of samples based on epipelagic vs. mesopelagic samples. In order to determine the abundance and distribution of fungal functions in the absence of taxonomy, sequences were agglomerated based on function using the “tax_glom” function in the phyloseq R package. Samples were then grouped as either epipelagic or mesopelagic. The top 40 most abundant functions were determined for each group of samples separately. To identify those functions that were enriched in specific depths an exact test was performed using the edgeR R package. Identified functions where then trimmed to only those with a p value <0.05 and more than 2-fold difference in abundance between the two depths. After agglomerating results by function (as described above), alpha diversity (observed number of functions and Shannon diversity of detected functions) were calculated within the phyloseq R package (using either the “estimate_richness” or the “plot_richness” functions) for mesopelagic and epipelagic samples. To determine the role of temperature in driving the latitudinal pattern, diversity values were plotted against the mean temperature for each sample. To determine whether changes in functional patterns were associated with changes in taxonomic diversity results fungal phylogenetic alpha diversity was determined as described above for function and plotted by oceanic region. The data tables generated from these analyses were processed and analyzed with R (R Development Core Team, 2008) and JMP (SAS Institute, Cary, NC, United States).

RESULTS AND DISCUSSION

Fungal Community Structuring Across a Regional Gradient

The “MOTS transect” has recently been used as a model system to study gradients at small scales leading to the identification of oceanic fronts as boundaries for microbial community changes (Baltar et al., 2015, 2016). To further explore this and to identify functional responses to these gradients, a metagenomic approach was applied. Surprisingly, a de novo assembly identified fungal contigs when blasted against available sequenced genomes (Supplementary Table S2). While abundant organisms like Pelagibacter ubique HTCC1062 and Synechococcus were detected (∼1% of reads mapped to each genome) and followed patterns consistent to those observed in 16S profile, fungal genomes recruited less sequences albeit at comparable numbers to other important but non dominant organisms (e.g., Nitrosopumilus). To confirm the presence of fungal sequences, metagenomes from surface waters representative of two major water masses (the nutrient-poor STW and the cold, macronutrient-rich but iron-limited SAW), along with a deep (500 m) sample from the SAW were analyzed with a focus on the fungal component. Results confirmed fungi as consistently detected across samples, with Ascomycota and Basidiomycota as the dominant fungal taxa independent of the database used [protein or SSU based assignment (Figure 1 and Supplementary Figure S2)]. Observed discrepancies between protein and SSU based results suggest a bias in protein-based assignments toward taxa with higher genomic representation in databases (Figure 1 and Supplementary Figure S2). In one of the samples (STW) unclassified fungi shared a large relative abundance (>50%) (Figure 1), which might be related to the lack of representation of the early diverging fungi, such as Chytridiomycota and Cryptomycota, in protein database. The fungal community was primarily structured by depth as previously observed for bacterioplankton (Baltar et al., 2015, 2016) and no difference in sample clustering was detected between SSU [SILVA] and protein [M5NR] analyses (Monte-Carlo test p = 0.97). Additional analysis using a different protein database [eggNOG (Powell et al., 2013)] confirmed these results (Monte-Carlo test p = 0.41; Supplementary Figure S2).
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FIGURE 1. Taxonomic description of fungal community along the Munida transect based on MG-RAST results. Each Station represents a replicate sample taken at a different water mass (Surface samples were taken in nutrient-poor and salty subtropical waters (STW) and the cold, macronutrient-rich (but iron limited) subantarctic waters (SAW). A 500 m deep sample was also taken at the same SAW location. (A) Relative abundance (reads mapped) of fungal phyla based on SSU classification against SILVA database (left) and PCA plot (right) of sample clustering based on strain level taxa abundance. (B) Relative abundance (reads mapped) of fungal phyla based on M5NR protein database (left) and PCA plot (right) of sample clustering based on strain level taxa abundance.



Global Functional and Taxonomic Fungal Community Structuring

Since patterns observed using MG-RAST (in MOTS samples) using a variety of databases where consistent, all further analyses were performed using eggNOG, or one of their taxonomically refined subsets (i.e., fuNOG) as described in Materials and Methods. To exclude the possibility for a regional anomaly, we used a global approach to determine the distribution and functional contribution of fungi to oceanic biomes. Forty two metagenomes from the Tara Oceans Expedition (Armbrust and Palumbi, 2015) were selected. These samples corresponded to six oceanic regions, and four different depth layers representative of the epipelagic and mesopelagic realms. To date the Tara Oceans Expedition has expanded our knowledge of prokaryotic, viral, and eukaryotic plankton communities in the ocean, but pelagic fungi remain fairly unexplored. This might be due to the prevalence of protist (>85% of total eukaryotic ribosomal diversity) with respect to other eukaryotes (such as fungi) in the supergroup-level classification of all Tara Oceans OTUs (De Vargas et al., 2015). The only specific mention to fungi found in that previous study basically highlighted the high phylogenetic diversity of the osmotrophic fungi Ascomycota (410 OTUs).

Metagenomes were analyzed by classifying each read (assigning both a function and a taxonomic placement) after subsampling to equal sequencing depth. Analysis of metagenomes confirmed the presence of fungi in all samples, and the observed dominance of both the Ascomycota (∼70%) and Basidiomycota independent of region or depth, as observed for the “MOTS transect” (Figure 2). Recent work presents evidence for the dominance of alternative fungal groups (chytrids) within certain ocean regions (Hassett and Gradinger, 2016; Jeffries et al., 2016). Although our results support the presence of these groups in the oceanic realm, the dominance of the Ascomycota and Basiodiomycota in our study may be due to our focus on proteins and classification based on sequenced genomes. At the time of analysis, 640 fungal genomes were available in the NCBI database with Ascomycota (439) and Basiodiomycota (139) being the most common, while all other fungal taxa being represented by only 62 genomes and poorly represented groups like the Chytrids only with four genomes. Cumulatively, a larger role is anticipated for other fungal taxa once low scoring hits (novel fungi) are accounted for in future studies (Richards et al., 2012, 2015; Hassett and Gradinger, 2016). Independent of classification, the ubiquitous presence of fungi in the global ocean suggests that fungi might play a major, hitherto largely unrecognized role in the oceanic biomes.
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FIGURE 2. Global distribution of fungi in the ocean. Data represent abundance (% of mapped reads) of unique taxa + function clusters (reads classified to closest function and host organisms) based on eggNOG and NCBI refseq genomes. In this way data represents unique functions separated by each unique lowest taxonomic classification. (A) NMDS plots with samples color coded by ocean region and depth zone [Stressplot provided in Supplementary Figure S4]. (B) Relative abundance of fungal reads by Phyla based on all identified fungal reads. (C) Relative abundance of dominant genera based on the 50 most abundant unique taxa + function clusters. (D) Relative abundance of dominant functions based on the 50 most abundant unique taxa + function clusters. X-axis for B–D represent four depth layers analyzed (DCM, deep chlorophyll maximum; MES, mesopelagic; MIX, subsurface epipelagic mixed layer; SRF, surface).



Fungal reads made up 1.4–2.9% (average of 2.3 ± 0.4%) of the metagenomes (Supplementary Table S3), with number of reads mapping to fungi significantly changing by depth (p < 0.01) but not oceanic region based on a Kruskal–Wallis test (Figure 3). This is likely to be a conservative estimate considering that only reads matching both fuNOG and RefSeq were retained, and only those sequences bearing no match to bacterial or archaeal databases were retained. This approach likely removes reads from novel fungal species, as well as non-coding, highly conserved homologs across kingdoms, or novel sequences. However, it ensures a high specificity to fungi. Clustering of samples was primarily associated with depth (Mantel Rho = 0.461; p < 0.001) and weakly with salinity (Mantel Rho = 0.200; p = 0.002). The identification of two major “clusters” of samples together with the low correlation with depth suggested the lack of a depth gradient, instead pointing to an abrupt transition between zones (epipelagic vs. mesopelagic). It also confirmed that this depth-related pattern is universal, not a local peculiarity, supporting previous findings (Wang et al., 2014; Zhang et al., 2014; Tisthammer et al., 2016). Also, a multivariate analysis of physicochemical parameters also clustered samples primarily according to depth, with two major clusters representing samples from either epipelagic vs. mesopelagic waters (Supplementary Figure S3). Depth was primarily linked to increases in nutrients (PO4, NO2/NO3) and a decrease in temperature (Supplementary Table S4). This also suggests an active link or adaptation of fungal assemblages to changes in the physicochemical conditions of their environment along the oceanic water column.
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FIGURE 3. Boxplots comparing the abundance of all fungal reads grouped by depth (DCM, deep chlorophyll maximum; MES, mesopelagic; MIX, subsurface epipelagic mixed layer; SRF, surface) and oceanic region (IO, Indian Ocean; NAO, North Atlantic Ocean; NPO, North Pacific Ocean; SAO, South Atlantic; SO, Southern Ocean; SPO, South Pacific Ocean). Outliers shown as points with location indicated (NEWZ, New Zealand Coastal Province; SATL, South Atlantic Gyral Province).



Depth Partitioning of Putative Fungal Functions in the Ocean

To gain insight into the putative metabolic processes associated to fungi, the most common functions associated to highly abundant fungal reads were identified. These common functions were found across all depths and regions, and implicate them in vitamin, complex carbon, and fatty acid metabolism, potentially representing the core metabolism of oceanic fungi. These included the biosynthesis of B vitamins (pantoate-beta-alanine ligase), the biological activation of molybdenum (Mo cofactor biosynthesis protein), hemicellulose metabolism (xylose reductase and glycoside hydrolase family 43), degradation of extracellular fatty acids (peroxisomal fatty acid β-oxidation multifunctional protein) and processing of amino acids (phospho-2-dehydro-3-deoxyheptonate aldolase, 4-hydroxyphenylpyruvate dioxygenase (HPPD), aromatic L-amino acid decarboxylase) (Figure 4). Many of these functions have been previously described within cultured fungi. Stress and/or response to environmental stimuli was also identified as an important function. Genes involved in metabolic rearrangements (2-oxoglutarate dehydrogenase E1 component) and multidrug resistance involved in the resistance to Cycloheximide, which is an inhibitor of eukaryotic protein synthesis produced by bacteria suggests marine fungi are capable of responding to negative selective pressures of various forms (including through ecological interactions). Temperature as a key factor affecting oceanic fungi is supported by three genes linked to temperature changes (mitochondrial DnaJ chaperon, peptidyl-prolyl cis-trans isomerase, and the intermembrane space AAA protease IAP-1). Specifically, AAA protease IAP-1 serves the role of recognizing temperature shifts at the membrane with deletion of the gene in fungi leading to impaired growth in response to temperature changes (Klanner et al., 2001).
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FIGURE 4. Globally abundant and differentially detected functions across depth and regions. Data represents abundance of unique functional clusters (reads classified to closest function based on classification to eggNOG). (A) Average relative abundance and frequency of top 10 most abundant functions in all samples. (B) Relative abundance of most abundant functions identified within epipelagic samples (representing 8.5% of all data linked to those samples) and clustered by oceanic region. (C) Relative abundance of most abundant functions identified within mesopelagic samples (representing 7.1% of all data linked to those samples) and clustered by oceanic region. X-axis for panels B and C represent oceanic regions (IO, Indian Ocean; NAO, North Atlantic Ocean; NPO, North Pacific Ocean; SAO, South Atlantic; SO, Southern Ocean; and SPO, South Pacific Ocean).



Depth was identified as a clear structuring factor of community composition in fungi as well as their encoded functions (Figures 2–4). Although the clustering of samples was associated with depth (Mantel Rho = 0.461; p < 0.001), as did physicochemical parameters (Supplementary Figure S3), the low correlation suggests no gradual decrease but rather a sharp transition from the surface to the deeper water layers. Consequently, we grouped samples based on pelagic zonation. Epipelagic (sunlit surface) waters exhibited significantly (>2-fold, p < 0.05; Figure 5) higher numbers of genes encoding the molybdenum cofactor biosynthesis protein, aspartate (homoserine dehydrogenase), purine (imidazole glycerol phosphate synthetase), serine and glycine (via serine hydroxymethyl transferase) amino acids synthesis than deep waters. Our analyses also suggested a preference in epipelagic waters for carbohydrate degradation (glycoside hydrolase, family 43) and the requirement for UV-light induced DNA repair (via DNA repair protein Msh2 and deoxyribodipyrimidine photolyase).
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FIGURE 5. Significantly different (>2-fold change and p < 0.05) functions associated to either epipelagic (left) or mesopelagic (right) zones as identified through a Exact Binomial Test. logFC = log fold change.



In contrast, mesopelagic fungi were enriched in genes involved in the biosynthesis of different amino acids (primarily the aromatic amino acids phenylalanyl [phenylalanyl-tRNA synthetase], histidine [histidine biosynthesis trifunctional protein], threonine [threonine synthase], valine [dihydroxy-acid dehydratase], and particularly leucine [dihydroxy-acid dehydratase, 2-isopropylmalate synthase, 3-isopropylmalate dehydrogenase, and aconitate hydratase]). Other relatively enriched fungal genes in the mesopelagic were involved the response to environmental stimuli via signal transduction (histidine kinase, nucleotide-binding protein), to oxidative stress [UbiA prenyltransferase family (Kawai et al., 2015)], and to temperature (heat- shock proteins). Mesopelagic fungi were also enriched in genes related to vitamin B5 biosynthesis (dihydroxy-acid dehydratase). This is interesting as vitamin production is commonly assumed to be associated with phytoplankton (Croft et al., 2005; Bertrand et al., 2015), which are rare in mesopelagic waters. Thus, it would indicate that fungi might replace phytoplankton in supplying vitamins in deep waters.

Our analyses of the fungal gene repertoire also suggest a potential shift in available organic carbon sources for fungi with depth, with ketone body catabolism [3-oxoacid CoA transferase] potentially contributing to survival of fungi in the mesopelagic zone. Ketone bodies are formed by the breakdown of fatty acids or as byproducts of fermentation (Campbell and Farrell, 2014), and are generally found in marine sedimenting particles (Gagosian et al., 1982). Also, there was an enrichment of mesopelagic genes involved in fatty acid β-oxidation and break down, including the acyl-CoA dehydrogenase (initial step of fatty acid β-oxidation), electron transfer flavoprotein-ubiquinone oxidoreductase (links the oxidation of fatty acids to oxidative phosphorylation) and CoA-transferase family III (CaiB/BaiF) family (involved in the transport of fatty acids from the intermembraneous space in the mitochondria). Thus, in contrast to epipelagic fungi that seem to rely more on carbohydrates, mesopelagic fungi apparently experience a low carbohydrate affinity, which is in agreement with the decrease in carbohydrate concentration (Pakulski and Benner, 1994) and the increase in total fatty acids with depth (Wakeham et al., 2003).

Besides organic carbon limitation, fungi in the deep ocean also need to cope with energy limitation. Genes involved in alternative sources of carbon and energy, like the degradation of benzoate (carboxymuconolactone decarboxylase family) (Ornston, 1966; Giovannoni and Stingl, 2005), anaerobic glycolysis (L-lactate dehydrogenase, which transforms glucose to lactate under low oxygen concentrations), urea (urea active transporter for both urea and polyamine and argininosuccinate synthase) and sulfur metabolism (sulfite reductase and sulfate adenylyltransferase) were also relatively enriched in the mesopelagic.

Fungal Global Biogeography

A biogeographical distribution pattern, particularly latitudinally, has been described for many oceanic organismal groups (Roy et al., 1998; Lambshead et al., 2002; Macpherson, 2002; Fuhrman et al., 2008). However, due to the limited information available on marine fungi, little is know about their global distribution in the ocean. When fungal taxonomic diversity was examined according to regions (Supplementary Figure S5), differences were found among oceanic regions, which could be a result of the environmental variability among regions. Changes in Shannon diversity index (variance) among different regions were more pronounced in the epipelagic than in the mesopelagic, which is consistent with the more dynamic nature (i.e., subjected to stronger physicochemical variability) of epipelagic relative to mesopelagic environments. In the epipelagic, the North Atlantic Ocean (NAO) and Indian Ocean (IO) showed the lowest Shannon index. A similar trend, although with smaller differences, was found in the mesopelagic, with NAO and IO presenting the lowest taxonomic diversities. In the epipelagic, higher variability (among and within regions) in fungal diversity was likely mediated by larger changes in physicochemical parameters, including temperature. Interestingly, the Shannon diversity was, in all oceanic regions, consistently higher (ANOVA p = < 0.0001; Supplementary Table S5) in the mesopelagic than in the epipelagic independent of whether data was analyzed using results based on taxonomic or functional assignment of reads (Figure 6 and Supplementary Figure S6). Significant increases in fungal diversity from surface to deep waters is consistent with the reported increase in bacterioplankton community diversity in the deep waters of the North Atlantic (Agogué et al., 2011) and the North Pacific and Atlantic (Hewson et al., 2006). This increased bacterioplankton diversity with depth is proposed to be linked to episodic inputs of organic matter from sunlit waters (Hewson et al., 2006), and to the generation of specific biogeochemical conditions on slowly sinking, or buoyant laterally advected suspended particles (Agogué et al., 2011), that would serve as important substrates for deep ocean microbes (Baltar et al., 2009; Bochdansky et al., 2010). Moreover, marine snow particles are colonized by marine fungi (Bochdansky et al., 2016), so they can also contribute to the diversity of fungi in the deep waters.
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FIGURE 6. Changes in fungal functional diversity by oceanic region and pelagic zone (top), and in response to latitude (middle) and temperature (bottom). X-axes represent (top) oceanic regions (IO, Indian Ocean; NAO, North Atlantic Ocean; NPO, North Pacific Ocean; SAO, South Atlantic; SO, Southern Ocean; and SPO, South Pacific Ocean), (middle) latitude, and (bottom) mean temperature. Depths in middle panel represent four depth layers analyzed (DCM, deep chlorophyll maximum; MES, mesopelagic; EPI, epipelagic; MIX, subsurface epipelagic mixed layer; SRF, surface).



Our analyses, also revealed an increase in both fungal taxonomic and functional diversity with increasing distance from the equator (Figure 6 and Supplementary Figure S5). This trend of increasing fungal diversity with increasing distance from the equator was found also in mesopelagic waters, albeit the increase in diversity was not as pronounced in deep compared to epipelagic waters. In contrast to the general trend of increasing diversity with distance from the equator, a local decrease in diversity was observed in subpolar regions compared to the (sub)tropical and temperate regions (Figure 6 and Supplementary Figure S5). An observed decrease in diversity in subpolar regions (non-linear relationship with distance from equator) suggests a temperature-driven selection [which was clearer than a salinity-driven (Supplementary Figure S7)] with highest and lowest temperatures in epipelagic waters resulting in reduced diversity. This was also evident when correlating mean ocean epipelagic water temperatures to functional diversity. Diversity increased with increasing temperature until 8°C where the highest diversity was observed and decreased again toward higher surface water temperatures (Figure 6 and Supplementary Figure S5). Prior work has demonstrated a positive linear relationship between planktonic marine bacterial diversity and temperature (Fuhrman et al., 2008). A decrease in diversity with increasing latitude has been found for marine bacteria (Sul et al., 2013), phytoplankton (Barton et al., 2010), and zooplankton (Yasuhara et al., 2012). In contrast, other report suggested that surface bacterial diversity peaks in temperate latitudes across the world’s oceans during winter in each hemisphere (Ladau et al., 2013). Moreover, in a report mostly focused on polar biogeography of marine bacteria (but including low latitude sites as well), diversity for surface and deep communities were not correlated with latitude or temperature (Ghiglione et al., 2012). The latter authors also found that polar communities (from Arctic and Southern Ocean) were more similar to each other than to lower latitude pelagic communities, suggesting temperature as the main structuring factor of bacterioplankton communities. Although the conserved pattern of increasing richness and diversity from polar to tropical regions is generally recognized in both marine and terrestrial systems for most living organisms, our data suggest that fungi in the ocean do not follow this trend in biodiversity.

CONCLUSION

The role of fungi in the ocean remains largely enigmatic but recent advances have started to reveal considerable diversity in fungi. Genomic evidence presented here suggests that fungi might contribute to the production of vitamins, including B vitamins, known to be modulating micronutrients of ocean primary productivity. The data also point toward a thus far unrecognized role of marine fungi in carbon, sulfur, and nitrogen metabolism in the ocean as indicated by highly abundant fungal genes. Fungi and bacteria respond to latitudinal, or more likely temperature changes, suggesting that shifts in temperature caused by climate change could alter these relationships with unknown repercussion. Even without this added incentive, the phylogenetic and functional diversity of fungi in the ocean indicates that they might play a substantial, albeit hitherto largely ignored role in the ocean’s biogeochemical cycles.
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Peptidyl-prolyl cis-trans isomerase
Phospho-2-dehydro—3-deoxyheptonate aldolase
PPlases accelerate the folding of proteins (By similarity)
Provides the precursors necessary for DNA synthesis
Pyruvate dehydrogenase E1 component

Reduces D-xylose into xylitol

Reductase small

| Tryptophanyl-tRNA synthetase

[ ubiquitin-conjugating enzyme

Function
B 2-deoxy—d—gluconate 3-dehydrogenase [l Peptidase family M20/M25/M40

. 4-hydroxyphenylpyruvate dioxygenase
[ Acetate—CoA ligase

_ Acetyl-CoA acetyltransferase

Bl Aromatic—L-amino-acid decarboxylase
. Control of topological states of DNA
B Dehydrogenase

B Gamma-glutamyltranspeptidase

. Glutamyl-tRNA synthetase

B Glutamyl-tRNA(GIn) amidotransferase
Glycerol kinase

Glycoside hydrolase family 3

GMP synthase

Heat shock protein

Iron sulfur cluster assembly protein

[ Methylenetetrahydrofolate reductase
| Mitochondrial DnaJ chaperone (Mdj1)
B Muiltidrug resistance protein

. Pantoate-beta-alanine ligase

. PEP-utilising enzyme, mobile domain

[ Peptidyl-prolyl cis-trans isomerase
Phenylalanyl-tRNA synthetase
Phospho-2-dehydro—-3-deoxyheptonate aldolase
PPlases accelerate the folding of proteins (By similarity)
Pyruvate dehydrogenase E1 component
Reduces D-xylose into xylitol

Reductase small

Short-chain dehydrogenase reductase
Succinyl-CoA

Tryptophanyl-tRNA synthetase
Ubiquitin-conjugating enzyme
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