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Abstract  18 

Background: Marine fungi remain a poorly understood component of ocean 19 

ecosystems despite their potential roles in marine biogeochemical cycling. Here, we 20 

investigated fungal diversity, community structure, vertical stratification, and 21 

environmental drivers across the tropical Indian and western Pacific Oceans using long-22 

read 28S rRNA gene amplicon sequencing of 113 samples from surface waters, 23 

mesopelagic and bathypelagic zones, and sediments. 24 

Results: A total of 46,938 fungal OTUs were clustered, representing 35 phyla, 164 25 

classes, 254 orders, 509 families, 940 genera, and 1,055 species. Ascomycota 26 

dominated fungal communities, followed by Basidiomycota, Chytridiomycota, 27 

Rozellomycota. Phylogenetic analyses revealed three deeply divergent fungal lineages 28 

distinct from currently recognized phyla. Pending further molecular and morphological 29 

validation, these lineages were provisionally designated as Candidate.Taichumycota, 30 

Candidate.Shizhenmycota, and Candidate.Xihemycota. Their distinct vertical 31 

stratification suggested potential ecological differentiation: Candidate.Taichumycota 32 

was restricted to surface waters, Candidate.Shizhenmycota was broadly distributed but 33 

enriched in surface communities, whereas Candidate.Xihemycota occurred across 34 

habitats and was particularly enriched in sediments. Both fungal taxonomic and 35 

functional compositions exhibited significant vertical differentiation across habitats (p 36 

< 0.05), with undefined saprotrophic guilds enriched in sediments and pelagic 37 

communities displaying diverse trophic strategies. Surface fungal community 38 

composition was jointly shaped by geographic and environmental gradients, with 39 

longitude, phosphate, and salinity identified as major predictors. Together, these 40 

variables explained 18.6% of the variation in surface fungal community composition. 41 

Conclusions: This study reveals extensive hidden diversity and complex ecological 42 
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structuring of marine fungi in the tropical Indian and western Pacific Oceans. The 43 

discovery of deeply divergent fungal lineages and habitat-associated shifts in 44 

taxonomic and predicted functional composition highlights the underestimated 45 

evolutionary diversity and ecological differentiation of marine fungal communities.  46 

Keywords: Marine fungi; hidden diversity; long-read metabarcoding; tropical Indian 47 

Ocean; western Pacific Ocean; vertical stratification; environmental drivers; fungal 48 

guilds 49 
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Background 50 

The ocean represents the largest continuous habitat on Earth and harbors microbial 51 

communities that drive global biogeochemical cycles [1–3]. However, most marine 52 

microbial research has historically focused on bacteria and archaea, whereas marine 53 

fungi have received comparatively less attention [4]. Despite their recognized 54 

ecological roles as saprotrophs, parasites, and pathogens, marine fungi were long 55 

considered primarily associated with benthic substrates, such as driftwood and seafloor 56 

sediments [5, 6]. Recent studies have demonstrated that pelagic fungi are widely 57 

distributed throughout the water column across major ocean basins and actively 58 

participate in organic matter degradation and nutrient cycling [7, 8]. Functionally, 59 

planktonic fungi can degrade complex organic compounds through extracellular 60 

enzymatic activities, contributing to carbon, nitrogen, and phosphorus cycling [9–11].  61 

In addition, parasitic chytrids regulate phytoplankton populations and facilitate energy 62 

transfer through the “mycoloop”, linking primary producers with higher trophic levels 63 

[12, 13]. In benthic environments, saprotrophic fungi accelerate organic matter 64 

decomposition, while associations with corals, sponges, and algae suggest potential 65 

roles in host health and environmental adaptation [14, 15]. 66 

Quantitative approaches based on ergosterol extraction and CARD-FISH techniques 67 

have further highlighted the ecological importance of oceanic fungi, suggesting that 68 

fungal biomass represents a substantial component of marine microbial biomass [4, 16]. 69 

High-throughput sequencing targeting fungal marker genes has revealed that 70 

Ascomycota and Basidiomycota dominate many marine habitats, while 71 
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Chytridiomycota and Rozellomycota are also frequently detected [17, 18]. However, a 72 

considerable proportion of environmental fungal sequences cannot be confidently 73 

assigned to known taxa and are often difficult to incorporate into diversity assessments, 74 

potentially resulting in an incomplete understanding of marine fungal diversity [19, 20].  75 

Although marine fungi are increasingly recognized as important components of ocean 76 

ecosystems, their large-scale biogeographic patterns and the environmental drivers 77 

shaping their distribution remain incompletely understood [4]. Previous studies have 78 

shown that marine fungal communities respond to various environmental gradients, 79 

including temperature, salinity, nutrient availability, and productivity-related variables 80 

[21, 22]. However, most existing studies have been conducted at regional scales or 81 

within specific habitats, such as polar waters, coastal environments, sediments, and 82 

hydrothermal systems [17, 18, 21, 23]. These studies have provided valuable insights 83 

into habitat-specific patterns of marine fungal communities. For example, benthic 84 

fungal communities in the Baltic Sea have been associated with variations in depth, 85 

salinity, and resource availability [24], while coastal studies have suggested that 86 

geographic gradients may contribute to differences in fungal community composition 87 

[25]. Nevertheless, whether geographic and environmental factors consistently shape 88 

marine fungal communities across broad oceanic regions and complex vertical habitats 89 

remains largely unresolved. 90 

The tropical Indian and western Pacific Oceans represent one of the most 91 

environmentally heterogeneous marine regions, characterized by pronounced gradients 92 

in temperature, salinity, nutrient availability, productivity, and water-column structure 93 

[23, 26]. The Indian Ocean is influenced by large-scale monsoon-driven circulation 94 

patterns, while the western Pacific Ocean is shaped by complex boundary currents and 95 

strong land–sea–air interactions, generating substantial spatial and environmental 96 
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variability [27, 28]. These characteristics provide an ideal natural setting for 97 

investigating how marine fungal communities respond to broad-scale geographic 98 

gradients and vertical habitat differentiation. In this study, we conducted a large-scale 99 

survey of fungal communities across 113 samples collected from stations in the tropical 100 

Indian Ocean and western Pacific Ocean, covering multiple multiple oceanic habitats, 101 

including surface, mesopelagic, bathypelagic, and sediment environments. Using long-102 

read 28S rRNA gene amplicon sequencing combined with a curated multi-source 103 

reference database, we aimed to: (1) characterize the taxonomic diversity and 104 

phylogenetic breadth of marine fungi across this comparatively underexplored 105 

biogeographic region; (2) identify key geographic and environmental drivers shaping 106 

fungal community structure; and (3) infer potential ecological functions through 107 

predicted functional guilds, thereby improving our understanding of marine fungal 108 

diversity, distribution patterns, and ecological roles. 109 

Methods 110 

Sampling regions and sample collection 111 

Sampling was conducted during two oceanographic cruises in the tropical Indian Ocean 112 

and the western Pacific Ocean between September 11 and November 30, 2023. A total 113 

of 113 samples were collected, spanning latitudes from 12.01°S to 21.78°N and 114 

longitudes from 82.68°E to 150.00°E, thereby covering typical tropical and subtropical 115 

marine environmental gradients (Figure 1). A conductivity–temperature–depth (CTD) 116 

rosette system was deployed at each station to characterize water-column structure and 117 

determine sampling depths. Based on vertical distribution, samples were categorized 118 

into four habitat types: surface waters (0–200 m, n = 90), mesopelagic waters (200–119 

1000 m, n = 11), bathypelagic waters (1000–4000 m, n = 8), and sediments (n = 4). 120 

Seawater samples were collected using Niskin bottles (12 L) mounted on a CTD-rosette 121 
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system. Approximately 50 L of seawater was collected per sample, and microbial 122 

biomass was concentrated by sequential filtration. Water samples were filtered through 123 

a 0.22 μm pore-size filter (PES membrane, PALL Laboratory) to retain microbial 124 

communities. Filtration was performed using a Masterflex peristaltic pump, with a 125 

filtration volume of approximately 2–5 L per filter depending on clogging conditions. 126 

The filters were then placed in sterile 15 mL Falcon tubes and immediately stored at 127 

−80°C until DNA extraction. To avoid cross-contamination between samples, the 128 

filtration system was thoroughly cleaned with 10% bleach and filtered seawater 129 

between samples. Sediment samples were collected using a box corer. Surface 130 

sediments (0–10 cm) were subsampled from the center of each core under sterile 131 

conditions to minimize edge contamination. All sediment samples were preserved at 132 

low temperature immediately after collection and transported to the laboratory for 133 

further analysis. 134 

Environmental data collection 135 

During sampling, in situ environmental measurements were conducted at all stations to 136 

characterize local oceanographic conditions. Tmperature, salinity, and depth were 137 

recorded using a CTD profiler (Idronaut, Italy). Dissolved oxygen (DO) was measured 138 

using a YSI 6600V2-02 multiparameter instrument (Xylem-YSI, Yellow Springs, OH, 139 

USA). Prior to deployment, the YSI instrument was calibrated following the 140 

manufacturer’s recommended two-point procedure using sodium sulfite solution for 141 

zero-oxygen calibration and water-saturated air for full-scale calibration [29, 30]. 142 

Inorganic nutrients, including nitrite (NO₂⁻), nitrate (NO₃⁻), ammonium (NH₄⁺), and 143 

phosphate (PO₄³⁻), were analyzed using a Lachat QC8500 flow injection autoanalyzer 144 

(Lachat Instruments, Loveland, CO, USA) according to standard oceanographic 145 

protocols (GB/T 12763.6-2007) (Additional file 1).  146 
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To investigate large-scale environmental drivers of marine fungal diversity and 147 

community composition, five oceanographic variables were further compiled from 148 

publicly available global environmental raster datasets (Additional file 2): sea surface 149 

temperature (SST, °C), sea surface salinity (PSU), chlorophyll a concentration (Chl a, 150 

mg m⁻³), nitrate concentration (μmol L⁻¹), and phosphate concentration (μmol L⁻¹). SST 151 

data were downloaded from MODIS Aqua and Terra satellite products provided by the 152 

NASA Ocean Color database (https://oceancolor.gsfc.nasa.gov/) at a spatial resolution 153 

of approximately 4 km, whereas salinity, Chl a, nitrate and phosphate data were 154 

obtained from Bio-ORACLE v2.1 (version 2.1) [31] at a spatial resolution of 0.083° 155 

(approximately 9–10 km). Environmental raster datasets were downloaded as quality-156 

controlled NetCDF files and processed using the xarray package in Python. 157 

Environmental values for each sampling station were extracted using bilinear 158 

interpolation based on geographic coordinates. When multiple temporal layers were 159 

available, temporal averages were calculated to generate climatological environmental 160 

estimates before spatial extraction. These long-term environmental averages were used 161 

to minimize the influence of short-term fluctuations and facilitate comparisons among 162 

sampling locations. However, they may not fully represent instantaneous environmental 163 

conditions during sampling cruises. 164 

DNA extraction and amplicon sequencing 165 

Total genomic DNA was extracted from sediment samples using the PowerSoil DNA 166 

Isolation Kit (MoBio Laboratories, Carlsbad, CA, USA) following the manufacturer’s 167 

protocol. For seawater samples, microbial biomass retained on 0.22 μm 168 

polyethersulfone (PES) membrane filters (PALL Laboratory) was used for DNA 169 

extraction. DNA quality was assessed by 1% (w/v) agarose gel electrophoresis. DNA 170 

concentration was quantified using a Qubit® 3.0 Fluorometer (Life Technologies, 171 
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United States), and DNA purity was evaluated using a NanoDrop™ 2000 172 

Spectrophotometer (Thermo Scientific, United States). All DNA samples were stored 173 

at −20°C until further use.  174 

PCR amplification of the fungal 28S rRNA gene region was performed using the 175 

primers LROR_F (5'-CCGCTGAACTTAAGCATATCAATA-3′) and LR5-F (5′-176 

CGATCGATTTGCACGTCAGA-3′) [32]. Each 20 μL reaction contained 4 μL of 5× 177 

FastPfu Buffer, 2 μL of 2.5 mM dNTPs, 0.8 μL of each primer (5 μM), 0.4 μL of 178 

TransStart FastPfu DNA Polymerase (TransGen Biotech, Beijing, China), 179 

approximately 10 ng of template DNA, and nuclease-free water. PCR cycling 180 

conditions were as follows: initial denaturation at 95°C for 5 min; 30 cycles of 181 

denaturation at 95°C for 30 s, annealing at 58°C for 30 s, and extension at 72°C for 45 182 

s; followed by a final extension at 72°C for 10 min.  183 

PCR products were verified by 2% agarose gel electrophoresis and quantified using a 184 

QuantiFluor™-ST fluorometer (Promega, USA). Equimolar amounts of qualified PCR 185 

products were pooled for library construction following the PacBio standard protocol 186 

with sample-specific barcodes. Sequencing was performed on the PacBio Sequel II 187 

platform using Circular Consensus Sequencing (CCS) technology. 188 

Data Processing and Analysis 189 

Raw CCS sequences for each sample were obtained from the PacBio platform and 190 

imported into QIIME 2 (version 2024.10) [33] for downstream analyses. Primer 191 

sequences were removed using Cutadapt (version 5.0) [34]. Quality filtering was 192 

performed using the filterAndTrim function in the DADA2 R package (version 1.30.0) 193 

[35], where reads containing ambiguous bases, expected errors greater than five, low-194 

complexity sequences, or lengths outside the range of 800–1400 bp were discarded, and 195 

PhiX sequences were removed. This step was used exclusively for read quality control 196 
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and not for amplicon sequence variant inference. Subsequently, high-quality reads were 197 

clustered into operational taxonomic units (OTUs) at 97% sequence similarity using the 198 

cluster-features-de-novo command in VSEARCH (version 2.22.1) [36] and the most 199 

abundant sequence in each OTU was selected as the representative sequence for 200 

downstream analyses.  201 

Taxonomic classification was initially conducted using a custom-curated fungal 28S 202 

rDNA reference database (Additional file 3) designed for LSU-based fungal taxonomy 203 

and containing over 200,000 quality-controlled annotated fungal sequences. 204 

Classification was performed with the q2-feature-classifier plugin using a Naïve Bayes 205 

approach. OTUs unassigned at the phylum level were further aligned using BLASTn 206 

[37] against the custom 28S rDNA database. If necessary, they were also aligned against 207 

the NCBI NT_EUK database (https://ftp.ncbi.nlm.nih.gov/blast/db/). For phylum-level 208 

unclassified OTUs with an abundance greater than three reads, phylogenetic analyses 209 

were performed. Long 28S rDNA reference sequences (>1400 bp) representing major 210 

fungal phyla, with Stramenopiles as outgroups, were combined with the OTU 211 

sequences and aligned using MAFFT (version 7.525) [38]. Maximum likelihood (ML) 212 

phylogenetic trees were constructed in IQ-TREE (version 1.6) [39] under the 213 

GTR+F+I+G4 model with 1,000 bootstrap replicates and the Shimodaira–Hasegawa 214 

approximate likelihood ratio test (SH-aLRT), while Bayesian inference (BI) analyses 215 

were performed in MrBayes (version 3.2) [40] with 2 million MCMC generations using 216 

the same model. As ML and BI trees were nearly identical, only the ML tree is presented. 217 

Alpha diversity indices, including Observed OTUs, Shannon index, Simpson index, 218 

Inverse Simpson index, and Pielou’s evenness, were calculated using the R packages 219 

phyloseq, vegan, and ggplot2 [41]. Beta diversity was evaluated with Bray–Curtis 220 

dissimilarity and visualized through principal coordinate analysis (PCoA). The 221 
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relationships between environmental and geographic variables and fungal diversity 222 

were evaluated using regression analyses. Linear regression was used to calculate R² 223 

values, and generalized additive models (GAMs) were applied to assess potential 224 

nonlinear relationships [42, 43]. Redundancy analysis (RDA) was performed using the 225 

vegan package in R to evaluate the contributions of environmental and geographic 226 

variables to surface fungal community composition [44]. Geographic variables 227 

(longitude and latitude) and environmental variables (SST, salinity, chlorophyll a, 228 

nitrate, and phosphate) were included as explanatory variables. The significance of 229 

RDA models and individual predictors was assessed using permutation tests (999 230 

permutations). Partial RDA and variation partitioning were further performed to 231 

separate the independent and shared contributions of environmental and geographic 232 

variables [44]. Marginal effects of individual predictors were evaluated using separate 233 

RDA models [44]. Fungal functional guilds were predicted using FUNGuild [45] in 234 

Python (version 3.10.14), which classifies fungi based on ecological traits such as 235 

trophic mode, nutritional type, and host association. Analysis code and scripts for data 236 

processing are provided in Additional file 4. 237 

Results 238 

Diversity of fungi in the tropical Indian and western Pacific Oceans 239 

Amplicon sequencing of the 28S rRNA gene was performed on 113 samples collected 240 

across the tropical Indian and western Pacific Oceans. A total of 2,225,480 high-quality 241 

sequences were obtained, which clustered into 46,938 fungal OTUs at a 97% similarity 242 

threshold. These fungal OTUs assigned to 35 phyla, 164 classes, 254 orders, 509 243 

families, 940 genera, and 1,055 species (Additional files 5-7). At the phylum level 244 

(Figure 2; Additional file 8), fungal communities were dominated by Ascomycota 245 
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(52.84% of total OTUs), followed by Basidiomycota (16.67%). Chytridiomycota 246 

(7.04%) and Rozellomycota (6.56%) were also abundant, whereas unclassified fungi 247 

accounted for 7.44% of all OTUs, suggesting substantial previously uncharacterized 248 

fungal diversity in the tropical Indian and western Pacific Oceans. 249 

Phylogenetic analysis of the amplified 28S rRNA region revealed three distinct fungal 250 

clades that did not fall within any currently recognized fungal phylum (Figure 3, 251 

Table1). Candidate.Taichumycota formed an independent lineage sister to Aphelida, 252 

whereas Candidate.Shizhenmycota and Candidate.Xihemycota together formed a 253 

monophyletic group that was recovered as sister to Zoopagomycota. These closest 254 

known relatives were subsequently used as reference sequences for pairwise 255 

comparisons. Within Candidate.Taichumycota, pairwise sequence identities ranged 256 

from 84.6% to 92.6% (coverage 97.2–99.6%), whereas comparisons with Aphelida 257 

reference sequences showed substantially lower identities (68.4–69.3%) and coverage 258 

(95.5–97.2%). Candidate.Shizhenmycota exhibited within-lineage sequence identities 259 

of 46.7–91.6% (coverage 77.2–99.3%), compared with only 45.2–55.4% identity and 260 

coverage (77.0–86.8%) to Zoopagomycota references. Similarly, 261 

Candidate.Xihemycota showed within-lineage identities of 49.1–93.0% (coverage 262 

82.8–99.8%), whereas comparisons with Zoopagomycota references yielded only 50.2–263 

59.1% identity and coverage (76.9–85.9%). Notably, pairwise comparisons between 264 

Candidate.Xihemycota and Candidate.Shizhenmycota showed identities ranging from 265 

43.3% to 65.6% (coverage 72.9–93.3%), further supporting their distinction as separate 266 

lineages despite their close phylogenetic relationship. These phylogenetic and sequence 267 
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data collectively indicate that the three lineages are genetically distinct from their 268 

nearest recognized relatives and from each other. Therefore, these three lineages were 269 

tentatively referred to as Candidate.Taichumycota, Candidate.Shizhenmycota, and 270 

Candidate.Xihemycota pending additional genomic and morphological evidence. 271 

Table 1. Sequence divergence within three candidate fungal lineages and between each 272 

lineage and its closest recognized relatives based on the amplified 28S rRNA sequences. 273 

 Identity(%) Coverage(%) 

Within Candidate.Taichumycota 84.6–92.6 97.2–99.6 

Within Candidate.Shizhenmycota 46.7–91.6 77.2–99.3 

Within Candidate.Xihemycota 49.1–93.0 82.8–99.8 

Between Candidate.Taichumycota and 

Aphelida 

68.4–69.3 95.5–97.2 

Between Candidate.Shizhenmycota and 

Zoopagomycota 

45.2–55.4 77.0–86.8 

Between Candidate.Xihemycota and 

Zoopagomycota 

50.2–59.1 76.9–85.9 

Between Candidate.Xihemycota and 

Candidate.Shizhenmycota 

43.3–65.6 72.9–93.3 

Note: The values shown represent pairwise sequence identity and alignment coverage 274 

calculated from 28S rRNA amplicon-region alignments. All comparisons were 275 

performed using trimmed sequences corresponding to the amplified region and 276 

therefore do not reflect variation outside the target amplicon region included in the 277 

phylogenetic analysis shown in Figure 3. 278 
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Taxonomic composition showed different patterns across water layers (Figure 2; Figure 279 

4–5). Surface communities contained representatives from all 35 detected fungal 280 

phyla and were characterized by relatively high proportions of Ascomycota (63.1%), 281 

Basidiomycota (13.8%), and Chytridiomycota (6.2%). In contrast, mesopelagic and 282 

bathypelagic communities showed stronger dominance by Ascomycota, accounting for 283 

92.3% and 83.5% of sequences, respectively. Sediment communities displayed a 284 

distinct taxonomic profile, with reduced relative abundance of Ascomycota (64.9%) 285 

and increased contributions from Basidiomycota (29.9%) and Chytridiomycota (4.3%). 286 

The three candidate deep-branching lineages also showed different vertical 287 

stratification (Figure 4). Candidate.Taichumycota was detected exclusively in surface 288 

waters. Candidate.Shizhenmycota was most abundant in surface communities but 289 

occurred at lower relative abundances throughout the water column, whereas 290 

Candidate.Xihemycota was detected across all water layers and reached its highest 291 

relative abundance in sediments. Similar compositional patterns were observed at the 292 

genus level (Figure 5; Additional file 9). Surface communities contained a large 293 

proportion of unassigned taxa (32.5%), together with abundant Nectria (27.5%), 294 

Emmonsiellopsis (14.7%), and Penicillium (6.7%). In mesopelagic communities, 295 

Nectria accounted for 77.5% of sequences and remained abundant in bathypelagic 296 

waters (56.0%). Bathypelagic communities also contained relatively high proportions 297 

of Emmonsiellopsis (13.5%) and Malassezia (10.7%). Sediment communities were 298 

dominated by Emmonsiellopsis (41.5%), followed by Malassezia (16.5%), Nectria 299 

(12.5%), and Filobasidium (11.2%). 300 

Environmental and geographic factors shaping fungal community structure 301 

across the tropical Indian Ocean and western Pacific Ocean 302 

Beta-diversity analyses based on Bray–Curtis dissimilarity revealed significant 303 
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differentiation of fungal community composition among water layers across the tropical 304 

Indian Ocean and western Pacific Ocean (Figure 6; Table 2; Table S1). PERMANOVA 305 

showed that water layer significantly influenced fungal community structure, 306 

explaining 12.4% of the total variation (R² = 0.124, p = 0.001). ANOSIM analysis also 307 

detected significant differences among water layers, although the separation strength 308 

was relatively modest (R = 0.121, p = 0.018). Together, these results indicate that 309 

vertical habitat differentiation represents an important factor associated with variation 310 

in marine fungal community composition, while substantial unexplained variation 311 

remained among samples. Pairwise comparisons further demonstrated significant 312 

differentiation among water-layer communities (Table S1). The strongest separation 313 

occurred between mesopelagic and sediment communities, followed by comparisons 314 

involving bathypelagic and sediment habitats, whereas surface communities showed 315 

comparatively weaker differentiation from other habitats. Principal coordinate analysis 316 

(PCoA) based on Bray–Curtis dissimilarity further supported the vertical differentiation 317 

pattern, with samples showing partial separation according to habitat type (Figure 6). 318 

The first and second PCoA axes explained 26.7% and 9.5% of total community 319 

variation, respectively, although considerable overlap remained among water layers.  320 

Table 2. Analysis of dissimilarity in fungal communities across different water layers 321 

in the tropical Indian Ocean and western Pacific Ocean using ANOSIM and 322 

PERMANOVA. 323 

ANOSIM Analysis 

Variable R-Value P-Value 

Layer 0.121175 0.018 

PERMANOVA (adonis) Analysis 
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Variable R2 P-Value 

Layer 0.124389 0.001 

Note: Analyses were based on Bray-Curtis dissimilarity. For ANOSIM, R > 0 indicates 324 

greater dissimilarity between groups than within groups. For PERMANOVA, R² 325 

represents the proportion of variance explained. P-value < 0.05 is considered 326 

statistically significant and is shown in bold. 327 

Table S1. Pairwise PERMANOVA (Adonis) analysis of fungal community 328 

dissimilarity across different water layers in the tropical Indian Ocean and western 329 

Pacific Ocean. 330 

PERMANOVA (adonis) Analysis 

Factor R2 P-Value 

Surface and Mesopelagic 0.093 0.001 

Surface and Bathypelagic 0.032 0.002 

Surface and Sediment 0.023 0.009 

Mesopelagic and Bathypelagic 0.156 0.014 

Mesopelagic and Sediment 0.598 0.002 

Bathypelagic and Sediment 0.228 0.033 

Note: Pairwise PERMANOVA (Adonis) was performed based on Bray–Curtis 331 

dissimilarity. R² represents the proportion of variance explained. P-value < 0.05 is 332 

considered statistically significant and is shown in bold. 333 

 334 

Because sampling effort was strongly uneven among water layers, environmental and 335 

geographic analyses were restricted to surface communities to minimize biases 336 
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associated with unequal sample sizes. Geographic and environmental variables 337 

exhibited distinct relationships with fungal alpha diversity patterns in surface waters of 338 

the tropical Indian and western Pacific Oceans (Additional file 10). Among geographic 339 

factors, longitude exhibited significant relationships with multiple diversity indices. 340 

Longitude was positively associated with observed richness but negatively associated 341 

with Shannon diversity, Simpson diversity, and Pielou’s evenness (Figure 7). In contrast, 342 

latitude showed no significant associations with any alpha diversity metric (p > 0.05). 343 

Among environmental variables, salinity and phosphate concentration were 344 

significantly associated with fungal diversity patterns, whereas SST, chlorophyll a, and 345 

nitrate showed no significant relationships with alpha diversity indices. Both salinity 346 

and phosphate displayed similar trends, with higher values associated with increased 347 

observed richness but reduced Shannon diversity, Simpson diversity, and community 348 

evenness. Among all variables examined, phosphate showed the strongest associations 349 

with alpha diversity variation, particularly for community evenness (Figures 7–8). 350 

To further evaluate the relative contributions of geographic and environmental factors 351 

to fungal community composition, redundancy analysis (RDA) was performed using 352 

surface fungal communities (Figure 9). The overall RDA model was significant (F = 353 

2.644, p = 0.001) and explained 18.6% of the total variation in fungal community 354 

composition. Partial RDA demonstrated significant contributions from both geographic 355 

and environmental components, with environmental variables (F = 1.922, p = 0.001) 356 

and geographic variables (F = 3.085, p = 0.001) each contributing significantly to 357 

community variation. Variation partitioning revealed that pure environmental effects 358 

and pure geographic effects independently explained 4.7% and 4.4% of community 359 

variation, respectively, while their shared contribution accounted for an additional 2.4%. 360 

Marginal effects analysis identified longitude as the strongest individual predictor, 361 
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explaining 5.52% of the variation in fungal community composition, followed by 362 

phosphate concentration (4.73%) and salinity (3.39%) (Table 3). These results indicate 363 

that large-scale geographic gradients and environmental heterogeneity jointly 364 

contribute to shaping surface fungal community composition in the tropical Indian 365 

Ocean and western Pacific Ocean. 366 

Table 3. Marginal effects of geographic and environmental variables on surface fungal 367 

community composition based on redundancy analysis (RDA). 368 

Explanatory variable Explained variance (%) F-Value P-Value 

Longitude 5.52 5.087 0.001 

Phosphate 4.73 4.324 0.001 

Salinity 3.39 3.052 0.001 

Latitude 3.30 2.972 0.001 

Nitrate 2.47 2.202 0.001 

SST 2.22 1.971 0.013 

Chlorophyll a 2.12 1.887 0.001 

Note: Marginal effects were assessed using individual RDA models with each 369 

explanatory variable fitted separately. Explained variance (%) represents the adjusted 370 

proportion of fungal community variation explained by each predictor alone. F-values 371 

indicate the strength of predictor effects relative to residual variation. Variables are 372 

ranked according to their individual explanatory power. P-value < 0.05 is considered 373 

statistically significant and is shown in bold. 374 

Prediction of fungal functional guilds 375 

Beta diversity analyses of predicted fungal functional guild composition indicated 376 

significant variation among water layers (Table 4). PERMANOVA showed that water 377 
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layer explained 21.1% of the variation in predicted functional guild composition (R² = 378 

0.211, p = 0.001). ANOSIM produced a consistent result, indicating significant 379 

differences in predicted functional guild composition among water layers (R = 0.178, p 380 

= 0.001). 381 

FUNGuild predictions suggested that the relative composition of predicted fungal 382 

guilds varied across water layers (Figure 10, Additional file 11-12). Surface 383 

communities exhibited relatively high functional heterogeneity, with predicted 384 

functional assignments distributed among undefined taxa (17.2%), plant pathogens 385 

(11.0%), wood saprotrophs (10.6%), endophytes (10.5%), fungal parasites (9.8%), 386 

undefined saprotrophs (9.9%), animal pathogens (9.2%), and plant saprotrophs (8.4%). 387 

Predicted functional guild compositions in the mesopelagic and bathypelagic layers 388 

were broadly similar, with relatively even contributions from pathogenic, parasitic, 389 

endophytic, and saprotrophic guilds, each accounting for approximately 12–14% of the 390 

total predicted functional assignments. In contrast, sediment communities showed a 391 

distinct predicted functional guild composition, with a markedly higher relative 392 

abundance of undefined saprotrophs (35.1%) and comparatively lower proportions of 393 

predicted endophytes, plant pathogens, and wood saprotrophs than those observed in 394 

pelagic communities. 395 

Table 4. ANOSIM and PERMANOVA (Adonis) analyses of predicted fungal functional 396 

guild composition across different water layers in the tropical Indian Ocean and western 397 

Pacific Ocean based on Bray–Curtis dissimilarity. 398 

ANOSIM Analysis 

Factor R-value P-value 

Layers 0.178 0.001 
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PERMANOVA (Adonis) Analysis  

Factor R2 P-Value 

Layers 0.211 0.001 

Note: Analyses were based on Bray–Curtis dissimilarity of predicted fungal functional 399 

guild composition inferred using FUNGuild. For ANOSIM, R-value > 0 indicate 400 

greater dissimilarity between groups than within groups. For PERMANOVA (Adonis), 401 

R² represents the proportion of variance explained. P < 0.05 was considered statistically 402 

significant and is shown in bold. 403 

Discussion 404 

This study provides a comprehensive assessment of fungal diversity across the tropical 405 

Indian Ocean and western Pacific Ocean using long-read 28S rRNA metabarcoding. A 406 

total of 46,938 fungal OTUs were recovered from 113 samples, representing 35 phyla, 407 

164 classes, 254 orders, 509 families, 940 genera, and 1,055 species, highlighting the 408 

extensive diversity of the marine mycobiome. At the phylum level, fungal communities 409 

were primarily dominated by Ascomycota (67.47%) and Basidiomycota (13.43%). 410 

Although Ascomycota and Basidiomycota dominated marine fungal communities, 411 

consistent with previous surveys of coastal and benthic environments [48–50], our 412 

results further demonstrated substantial contributions from early-diverging fungal 413 

lineages [48], including Chytridiomycota (5.18%) and Rozellomycota (2.35%). The 414 

widespread occurrence of Chytridiomycota across marine habitats is consistent with 415 

their recognized ecological roles in planktonic ecosystems, where parasitic interactions 416 

with phytoplankton may facilitate carbon transfer through the aquatic mycoloop 417 

pathway [49]. In contrast, many members of Rozellomycota remain poorly 418 

characterized due to limited cultivation and functional information, despite their 419 
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frequent detection in aquatic environments [50]. The detection of additional low-420 

abundance lineages, including Mucoromycota (2.14%), Mortierellomycota (0.65%), 421 

Olpidiomycota (0.33%), Aphelidiomycota (0.09%), and Monoblepharomycota (0.83%), 422 

further highlights that marine fungal diversity extends well beyond the traditionally 423 

recognized dominant groups [51].  424 

At the genus level, Nectria was the overwhelmingly dominant genus in our dataset, 425 

accounting for 33.89% of the total fungal abundance, followed by Emmonsiellopsis 426 

(14.92%), Penicillium (5.41%), and Malassezia (4.95%). However, a considerable 427 

proportion of sequences (27.70%) could not be assigned to described genera, 428 

emphasizing the large proportion of unresolved fungal diversity in tropical oceanic 429 

ecosystems [52, 53]. The predominance of Nectria in our dataset is noteworthy, as this 430 

genus has been frequently detected in marine environments, particularly in association 431 

with coral-associated communities and deep-sea sediments [54, 55]. Members of 432 

Nectria are known to exhibit diverse ecological strategies, including saprotrophic 433 

decomposition of organic matter and potential pathogenic interactions with marine 434 

organisms [56]. The high relative abundance of Emmonsiellopsis in our study is 435 

consistent with previous observations in marine sediments and coral-associated 436 

environments, where this genus has been reported as a common component of benthic 437 

fungal communities[18, 23]. Penicillium, though ranking third in overall abundance, 438 

has been widely reported as a dominant genus in various marine habitats, including 439 

mangrove sediments, marine sponges, and polar environments [57, 58]. The repeated 440 

detection of Penicillium across diverse marine environments may reflect its broad 441 

environmental tolerance and capacity to colonize various marine substrates [59]. 442 

Previous studies have suggested that Penicillium species can function as marine-443 

associated saprotrophs involved in organic matter decomposition and nutrient recycling, 444 
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while also producing diverse secondary metabolites with potential effects on microbial 445 

interactions [60, 61]. Malassezia, a genus primarily known as a mammalian skin 446 

commensal and pathogen, has been increasingly recognized as a widespread component 447 

of marine fungal communities, particularly in pelagic environments [16]. Its presence 448 

in our dataset across multiple water layers suggests that this genus may play previously 449 

unrecognized ecological roles in marine ecosystems. 450 

Importantly, the high proportion of unresolved taxa observed in this study indicates that 451 

current assessments likely underestimate marine fungal diversity. Instead of excluding 452 

unclassified sequences [62, 63], phylogenetic analyses of deeply divergent OTUs 453 

revealed three independent lineages that could not be assigned to currently recognized 454 

fungal phyla. Candidate.Taichumycota formed a lineage sister to Aphelida, whereas 455 

Candidate.Shizhenmycota and Candidate.Xihemycota formed a divergent lineage 456 

associated with Zoopagomycota. Their distinct phylogenetic positions and low 457 

sequence similarity to recognized groups support their status as deeply divergent 458 

candidate lineages, although further morphological observations and multi-locus 459 

phylogenomic analyses are required for formal taxonomic evaluation. The discovery of 460 

these candidate lineages suggests that marine ecosystems represent important reservoirs 461 

of previously unrecognized fungal evolutionary diversity [46]. The high fungal 462 

diversity detected in this study likely reflects several methodological improvements. 463 

First, the application of long-read 28S rRNA metabarcoding provided longer 464 

phylogenetic information compared with conventional short-read approaches, 465 

facilitating improved resolution of divergent fungal lineages [61, 64]. Second, the 466 

integration of multiple reference databases, including SILVA [65], the NCBI BLAST 467 

nucleotide database (https://ftp.ncbi.nlm.nih.gov/blast/db/), and EUKARYOME [66], 468 

expanded the available sequence framework and may have improved taxonomic 469 
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assignment [61, 64]. Third, subsequent phylogenetic placement of initially unclassified 470 

OTUs enabled the recognition of deeply divergent fungal lineages that would otherwise 471 

remain unresolved as environmental sequences. Together, these approaches enhanced 472 

the detection and characterization of previously overlooked marine fungal diversity. 473 

Nevertheless, several limitations should be considered. Although a 97% sequence 474 

similarity threshold was adopted in this study based on previous fungal LSU studies 475 

[67] and to facilitate comparisons with existing datasets, OTU-based clustering may 476 

underestimate fine-scale sequence variation among closely related fungal taxa. Future 477 

investigations integrating ASV-based approaches, multiple molecular markers, and 478 

expanded marine fungal genome resources will further improve the resolution of marine 479 

fungal diversity assessments [35]. 480 

Fungal communities exhibited pronounced vertical stratification across the tropical 481 

Indian Ocean and western Pacific Ocean. PERMANOVA and ANOSIM analyses based 482 

on Bray–Curtis dissimilarity demonstrated significant differentiation among water 483 

layers, although water depth explained only a moderate proportion of total community 484 

variation (R² = 0.124). The strongest differentiation occurred between mesopelagic and 485 

sediment communities, suggesting that depth-related habitat transitions represent 486 

important ecological gradients shaping marine fungal assemblages. Similar depth-487 

associated differentiation has been reported in global marine fungal surveys, where 488 

planktonic and benthic fungal communities exhibited distinct assemblage structures, 489 

with only 15.4% of OTUs shared between water-column and sediment habitats, 490 

highlighting strong ecological differentiation between pelagic and benthic 491 

environments [4]. Such habitat-associated community differentiation may reflect 492 

differences in resource availability, substrate characteristics, and organic matter sources 493 

among marine environments [18, 25, 68]. Sediment environments provide abundant 494 
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particulate organic substrates and frequently harbor saprotrophic fungal taxa involved 495 

in organic matter degradation, whereas pelagic fungal communities experience 496 

contrasting resource regimes and particle-associated habitats [18, 25, 68]. Therefore, 497 

vertical patterns of marine fungal communities may not simply represent responses to 498 

depth gradients, but rather reflect the combined effects of habitat transitions, 499 

environmental filtering, and ecological specialization across contrasting marine 500 

environments. 501 

Because sampling effort was strongly uneven among water layers, environmental and 502 

geographic analyses were restricted to surface communities to minimize biases 503 

associated with unequal sample sizes. The RDA model explained 18.6% of the variation 504 

in fungal community composition, with significant contributions from both geographic 505 

and environmental variables. Variation partitioning further showed comparable 506 

independent effects of geographic factors (4.4%) and environmental factors (4.7%), 507 

together with shared contributions (2.4%), indicating that surface fungal communities 508 

are jointly structured by spatial gradients and environmental heterogeneity.  509 

Among geographic variables, longitude emerged as the strongest predictor of fungal 510 

community composition, explaining 5.52% of total variation in the RDA model. 511 

Longitude was also significantly associated with all alpha diversity metrics, showing a 512 

positive relationship with observed richness but negative relationships with Shannon 513 

diversity, Simpson diversity, and Pielou’s evenness. This pattern suggests that 514 

longitudinal gradients may influence not only fungal richness but also community 515 

organization by altering the relative dominance of different taxa. Similar spatial patterns 516 

have been reported in marine fungal communities from the Gulf of Mexico, where both 517 

latitude and longitude contributed to the distribution patterns of marine ascomycete 518 

communities [25]. At large spatial scales, longitudinal variation may integrate multiple 519 
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oceanographic processes, including differences in ocean circulation, water mass 520 

characteristics, and regional environmental heterogeneity [4]. In the tropical Indian 521 

Ocean and western Pacific Ocean, extensive connectivity among oceanic regions may 522 

facilitate the dispersal of fungal propagules, whereas regional differences in 523 

hydrographic conditions may influence local establishment and dominance patterns [69, 524 

70]. Unlike longitude, latitude showed no significant relationships with alpha diversity 525 

metrics in this study, although it contributed significantly to variation in community 526 

composition. This indicates that latitudinal gradients may influence species turnover 527 

and community assembly processes rather than local diversity levels. Similar weak 528 

relationships between latitude and marine fungal diversity have been reported in global 529 

surveys, suggesting that classical latitudinal diversity gradients may not universally 530 

apply to marine fungi [16, 71]. The high dispersal potential of fungal propagules, 531 

particle-mediated transport, and oceanic connectivity may weaken the influence of 532 

geographic distance and contribute to the absence of clear latitudinal diversity patterns 533 

[16, 70]. However, the relative roles of dispersal processes and environmental filtering 534 

in shaping marine fungal biogeography remain unresolved and require further 535 

investigation using broader spatial sampling and long-term observations [16]. 536 

Among environmental variables, phosphate availability emerged as one of the most 537 

important factors associated with fungal diversity and community composition. 538 

Phosphate showed a positive relationship with observed richness but negative 539 

relationships with Shannon diversity, Simpson diversity, and Pielou’s evenness. 540 

Consistently, phosphate explained the largest proportion of variation among alpha 541 

diversity metrics and accounted for 4.73% of community variation in the RDA analysis. 542 

These patterns suggest that phosphate availability may enhance the recruitment or 543 

persistence of additional fungal taxa while simultaneously increasing the dominance of 544 
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competitive or opportunistic groups. Similar nutrient-associated shifts have been 545 

observed in coastal sediments and marginal seas, where phosphorus availability 546 

influences fungal assemblage structure and ecological interactions [18, 23]. For 547 

example, nutrient enrichment in coastal sediments has been shown to increase fungal 548 

richness while promoting dominance by opportunistic taxa, resulting in reduced 549 

community evenness [23]. Furthermore, phosphorus availability has been identified as 550 

an important factor regulating marine sediment fungal communities, with phosphate 551 

concentrations significantly associated with the abundance of dominant fungal phyla 552 

such as Ascomycota and Basidiomycota [18]. Salinity also exhibited significant effects 553 

on fungal diversity and community composition, explaining 3.39% of community 554 

variation in the RDA model. Salinity was positively correlated with observed richness 555 

but negatively correlated with Shannon diversity, Simpson diversity, and Pielou’s 556 

evenness. Similar salinity-associated structuring of marine fungal communities has 557 

been reported across diverse environments. For example, Baltic Sea studies 558 

demonstrated that salinity was a major predictor of benthic fungal community 559 

composition, with distinct assemblages occurring along salinity gradients [72]. 560 

Similarly, coastal sediment studies from Guangdong, China, showed that salinity 561 

significantly influenced fungal diversity, with differences in richness between low- and 562 

high-salinity environments [18]. In contrast to salinity and phosphate, temperature, 563 

chlorophyll a, and nitrate showed limited relationships with fungal alpha diversity, 564 

although they contributed significantly to community composition in the RDA model. 565 

This discrepancy suggests that these variables may primarily influence community 566 

structure and taxonomic composition rather than overall diversity patterns. Chlorophyll 567 

a and nitrate may affect marine fungal assemblages indirectly by regulating 568 

phytoplankton productivity, organic carbon availability, and particle-associated habitats, 569 
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thereby altering resource conditions and competitive interactions among fungal taxa 570 

rather than directly determining fungal richness [73, 74]. Consistent with this 571 

interpretation, previous studies have shown that nitrate availability can significantly 572 

influence marine fungal community composition, with changes in dissolved inorganic 573 

nitrogen associated with shifts in fungal assemblage structure [4, 75]. The relatively 574 

weak association between temperature and alpha diversity suggests that thermal 575 

gradients may play a limited role in shaping local diversity patterns of marine fungal 576 

communities in the tropical Indian Ocean and western Pacific Ocean, compared with 577 

other environmental factors such as nutrient availability [4, 16].  578 

Predicted functional guild composition exhibited significant vertical differentiation 579 

across the tropical Indian Ocean and western Pacific Ocean. Functional beta-diversity 580 

analysis showed that water layer explained 21.1% of the variation in predicted 581 

functional composition (R² = 0.211, p = 0.001). Surface communities exhibited the 582 

highest functional heterogeneity, with predicted assignments distributed among 583 

multiple ecological guilds, including plant pathogens, wood saprotrophs, endophytes, 584 

fungal parasites, and undefined saprotrophs. This pattern is consistent with previous 585 

studies showing that planktonic marine fungi encompass diverse trophic modes [69, 586 

70]. The high functional diversity of surface communities may be associated with 587 

heterogeneous organic substrates derived from primary production, phytoplankton 588 

mortality, terrestrial inputs, and sinking particles, which collectively generate diverse 589 

ecological niches supporting the coexistence of fungi with contrasting ecological 590 

strategies [73, 76]. In contrast, mesopelagic and bathypelagic communities exhibited 591 

relatively similar predicted functional profiles. This similarity may be associated with 592 

vertical ecological connectivity mediated by sinking particulate organic matter. Marine 593 

snow links surface and deep ocean environments by transporting organic carbon and 594 
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microbial biomass into the deep ocean, thereby providing nutritional resources and 595 

microscale habitats for heterotrophic microorganisms, including fungi [70, 73]. 596 

Sediment communities displayed distinct functional characteristics compared with 597 

pelagic habitats, primarily characterized by a strong enrichment of undefined 598 

saprotrophs (35.1%). This pattern is consistent with previous studies showing that 599 

marine sediments generally harbor abundant saprotrophic fungi involved in organic 600 

matter degradation and carbon transformation processes [77]. However, these 601 

functional assignments remain predictive because FUNGuild is mainly based on well-602 

characterized terrestrial fungi, while many marine fungal lineages remain poorly 603 

represented in current databases [45, 70]. Therefore, future integration of metagenomics, 604 

metatranscriptomics, metabolomics, and cultivation-based approaches will be 605 

necessary to further validate the ecological functions of marine fungi. 606 

Conclusions 607 

Marine fungi represent an important yet still poorly characterized component of ocean 608 

ecosystems. Using long-read 28S rRNA metabarcoding across the tropical Indian 609 

Ocean and western Pacific Ocean, this study revealed extensive fungal diversity, 610 

including a large proportion of unresolved sequences and three deeply divergent 611 

candidate fungal lineages. These findings suggest that current assessments based on 612 

available reference resources likely underestimate the evolutionary diversity of marine 613 

fungi. Fungal communities exhibited significant vertical differentiation across surface 614 

waters, mesopelagic and bathypelagic zones, and sediments, although water layer 615 

explained only a moderate proportion of community variation. Surface fungal 616 

community composition was jointly associated with geographic gradients and 617 

environmental variability, with longitude, phosphate, and salinity emerging as 618 

important predictors. Predicted ecological guild composition exhibited clear vertical 619 
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differentiation, with sediment environments particularly enriched in predicted 620 

undefined saprotrophic guilds, potentially reflecting the distinct organic matter regimes 621 

and ecological conditions of benthic habitats. Together, this study expands our 622 

understanding of marine fungal diversity and biogeographic patterns in the tropical 623 

Indian and western Pacific Oceans, revealing previously unrecognized evolutionary 624 

lineages and complex environmental associations. Future investigations integrating 625 

multi-locus phylogenomics, cultivation approaches, metatranscriptomics, and 626 

expanded environmental sampling will be essential for resolving the ecological 627 

functions and evolutionary origins of these newly identified fungal lineages. 628 
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 901 

 902 

 903 

Figure legends 904 

Figure 1. Characterisation of environmental conditions and sampling sites across 905 

the tropical Indian and western Pacific Oceans. The map shows the spatial 906 

distribution of sampling sites and associated environmental gradients, including: (a) 907 

average sea surface temperature (SST, °C); (b) average sea surface salinity (PSU); (c) 908 

average chlorophyll a concentration (Chl a, mg·m⁻³); (d) average nitrate concentration 909 

(μmol·L⁻¹); and (e) average phosphate concentration (μmol·L⁻¹). Sampling sites are 910 

color-coded and shaped according to water depth: yellow circles, surface; green 911 

triangles, mesopelagic; blue triangles, bathypelagic; and red squares, sediment. 912 

 913 

Figure 2. Phylum-level distribution of fungal communities across water layers in 914 

the tropical Indian and western Pacific Oceans. Panels show relative abundance at 915 

the phylum level for: (a) surface, (b) mesopelagic, (c) bathypelagic, and (d) sediment 916 

samples. 917 

 918 

Figure 3. Phylogenetic analysis of 28S rRNA sequences from OTUs assigned to 919 

unclassified fungi. Representative 28S rRNA sequences from eleven recognized fungal 920 

phyla were included, with Stramenopiles sequences used as the outgroup. The scale bar 921 

represents 0.5 substitutions per site. Branch support values are shown as Bayesian 922 

posterior probabilities / SH-aLRT / ultrafast bootstrap values. 923 
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 924 

Figure 4. Distribution of novel candidate fungal phyla across water layers 925 

(heatmap). The horizontal axis represents (1) Candidate.Shizhenmycota, (2) 926 

Candidate.Taichumycota, and (3) Candidate.Xihemycota. 927 

 928 

Figure 5. Distribution of the top 30 fungal genera across water layers in the 929 

tropical Indian Ocean and western Pacific Ocean. Panels show relative abundance 930 

for: (a) surface, (b) mesopelagic, (c) bathypelagic, and (d) sediment samples. 931 

 932 

Figure 6. Principal coordinate analysis (PCoA) of fungal communities across the 933 

tropical Indian Ocean and western Pacific Ocean based on Bray–Curtis 934 

dissimilarity. Samples color-coded by water layer, with ellipses representing 95% 935 

confidence intervals. PCoA1 and PCoA2 axes explain 26.7% and 9.5% of the 936 

community variance, respectively. Statistical results were obtained from 937 

PERMANOVA analyses based on Bray–Curtis dissimilarity, where R² represents the 938 

proportion of explained variation and p < 0.05 indicates significant differences in 939 

community composition. 940 

 941 

Figure 7. Observed OTU richness of surface fungal communities in relation to 942 

geographic (longitude, latitude) and environmental (temperature, salinity, 943 

chlorophyll a, nitrate, phosphate) variables. Panels: (a) longitude, (b) latitude, (c) 944 

SST, (d) salinity, (e) chlorophyll a, (f) nitrate, and (g) phosphate. Solid lines indicate 945 

fitted generalized additive models (GAMs), and shaded areas represent 95% confidence 946 

intervals. R² and p-values are shown in each panel. Statistical significance was assessed 947 

at p < 0.05.  948 
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 949 

Figure 8. Shannon diversity index of surface fungal communities in relation to 950 

geographic (longitude, latitude) and environmental (SST, salinity, chlorophyll a, 951 

nitrate, phosphate) variables. Panels: (a) longitude, (b) latitude, (c) SST, (d) salinity, 952 

(e) chlorophyll a, (f) nitrate, and (g) phosphate. Solid lines indicate fitted generalized 953 

additive models (GAMs), and shaded areas represent 95% confidence intervals. R² and 954 

p-values are displayed in each panel. Statistical significance was assessed at p < 0.05. 955 

SST, sea surface temperature. 956 

 957 

Figure 9. Redundancy analysis (RDA) illustrating relationships between surface 958 

fungal community composition and environmental and geographic variables. 959 

Points represent individual surface samples, and arrows indicate the direction and 960 

strength of explanatory variables. The first and second constrained axes explained 6.63% 961 

and 3.32% of the total variation, respectively. Environmental variables included sea 962 

surface temperature (SST), salinity, chlorophyll a, nitrate, and phosphate, while 963 

geographic variables included longitude and latitude. 964 

 965 

Figure 10. Predicted functional guild composition of fungal communities across 966 

water layers in the tropical Indian Ocean and western Pacific Ocean. Relative 967 

abundances of major fungal functional guilds were inferred using FUNGuild. 968 
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