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Abstract

Background: Marine fungi remain a poorly understood component of ocean
ecosystems despite their potential roles in marine biogeochemical cycling. Here, we
investigated fungal diversity, community structure, vertical stratification, and
environmental drivers across the tropical Indian and western Pacific Oceans using long-
read 28S rRNA gene amplicon sequencing of 113 samples from surface waters,
mesopelagic and bathypelagic zones, and sediments.

Results: A total of 46,938 fungal OTUs were clustered, representing 35 phyla, 164
classes, 254 orders, 509 families, 940 genera, and 1,055 species. Ascomycota
dominated fungal communities, followed by Basidiomycota, Chytridiomycota,
Rozellomycota. Phylogenetic analyses revealed three deeply divergent fungal lineages
distinct from currently recognized phyla. Pending further molecular and morphological
validation, these lineages were provisionally designated as Candidate.Taichumycota,
Candidate.Shizhenmycota, and Candidate.Xihemycota. Their distinct vertical
stratification suggested potential ecological differentiation: Candidate.Taichumycota
was restricted to surface waters, Candidate.Shizhenmycota was broadly distributed but
enriched in surface communities, whereas Candidate.Xihemycota occurred across
habitats and was particularly enriched in sediments. Both fungal taxonomic and
functional compositions exhibited significant vertical differentiation across habitats (p
< 0.05), with undefined saprotrophic guilds enriched in sediments and pelagic
communities displaying diverse trophic strategies. Surface fungal community
composition was jointly shaped by geographic and environmental gradients, with
longitude, phosphate, and salinity identified as major predictors. Together, these
variables explained 18.6% of the variation in surface fungal community composition.

Conclusions: This study reveals extensive hidden diversity and complex ecological
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structuring of marine fungi in the tropical Indian and western Pacific Oceans. The
discovery of deeply divergent fungal lineages and habitat-associated shifts in
taxonomic and predicted functional composition highlights the underestimated

evolutionary diversity and ecological differentiation of marine fungal communities.

Keywords: Marine fungi; hidden diversity; long-read metabarcoding; tropical Indian
Ocean; western Pacific Ocean; vertical stratification; environmental drivers; fungal

guilds
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Background

The ocean represents the largest continuous habitat on Earth and harbors microbial
communities that drive global biogeochemical cycles [1-3]. However, most marine
microbial research has historically focused on bacteria and archaea, whereas marine
fungi have received comparatively less attention [4]. Despite their recognized
ecological roles as saprotrophs, parasites, and pathogens, marine fungi were long
considered primarily associated with benthic substrates, such as driftwood and seafloor
sediments [5, 6]. Recent studies have demonstrated that pelagic fungi are widely
distributed throughout the water column across major ocean basins and actively
participate in organic matter degradation and nutrient cycling [7, 8]. Functionally,
planktonic fungi can degrade complex organic compounds through extracellular
enzymatic activities, contributing to carbon, nitrogen, and phosphorus cycling [9-11].
In addition, parasitic chytrids regulate phytoplankton populations and facilitate energy
transfer through the “mycoloop”, linking primary producers with higher trophic levels
[12, 13]. In benthic environments, saprotrophic fungi accelerate organic matter
decomposition, while associations with corals, sponges, and algae suggest potential
roles in host health and environmental adaptation [14, 15].

Quantitative approaches based on ergosterol extraction and CARD-FISH techniques
have further highlighted the ecological importance of oceanic fungi, suggesting that
fungal biomass represents a substantial component of marine microbial biomass [4, 16].
High-throughput sequencing targeting fungal marker genes has revealed that

Ascomycota and Basidiomycota dominate many marine habitats, while
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Chytridiomycota and Rozellomycota are also frequently detected [17, 18]. However, a
considerable proportion of environmental fungal sequences cannot be confidently
assigned to known taxa and are often difficult to incorporate into diversity assessments,

potentially resulting in an incomplete understanding of marine fungal diversity [19, 20].
Although marine fungi are increasingly recognized as important components of ocean
ecosystems, their large-scale biogeographic patterns and the environmental drivers
shaping their distribution remain incompletely understood [4]. Previous studies have
shown that marine fungal communities respond to various environmental gradients,
including temperature, salinity, nutrient availability, and productivity-related variables
[21, 22]. However, most existing studies have been conducted at regional scales or
within specific habitats, such as polar waters, coastal environments, sediments, and
hydrothermal systems [17, 18, 21, 23]. These studies have provided valuable insights
into habitat-specific patterns of marine fungal communities. For example, benthic
fungal communities in the Baltic Sea have been associated with variations in depth,
salinity, and resource availability [24], while coastal studies have suggested that
geographic gradients may contribute to differences in fungal community composition
[25]. Nevertheless, whether geographic and environmental factors consistently shape
marine fungal communities across broad oceanic regions and complex vertical habitats
remains largely unresolved.

The tropical Indian and western Pacific Oceans represent one of the most
environmentally heterogeneous marine regions, characterized by pronounced gradients
in temperature, salinity, nutrient availability, productivity, and water-column structure
[23, 26]. The Indian Ocean is influenced by large-scale monsoon-driven circulation
patterns, while the western Pacific Ocean is shaped by complex boundary currents and

strong land—sea—air interactions, generating substantial spatial and environmental
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variability [27, 28]. These characteristics provide an ideal natural setting for
investigating how marine fungal communities respond to broad-scale geographic
gradients and vertical habitat differentiation. In this study, we conducted a large-scale
survey of fungal communities across 113 samples collected from stations in the tropical
Indian Ocean and western Pacific Ocean, covering multiple multiple oceanic habitats,
including surface, mesopelagic, bathypelagic, and sediment environments. Using long-
read 28S rRNA gene amplicon sequencing combined with a curated multi-source
reference database, we aimed to: (1) characterize the taxonomic diversity and
phylogenetic breadth of marine fungi across this comparatively underexplored
biogeographic region; (2) identify key geographic and environmental drivers shaping
fungal community structure; and (3) infer potential ecological functions through
predicted functional guilds, thereby improving our understanding of marine fungal

diversity, distribution patterns, and ecological roles.

Methods

Sampling regions and sample collection

Sampling was conducted during two oceanographic cruises in the tropical Indian Ocean
and the western Pacific Ocean between September 11 and November 30, 2023. A total
of 113 samples were collected, spanning latitudes from 12.01°S to 21.78°N and
longitudes from 82.68°E to 150.00°E, thereby covering typical tropical and subtropical
marine environmental gradients (Figure 1). A conductivity—temperature—depth (CTD)
rosette system was deployed at each station to characterize water-column structure and
determine sampling depths. Based on vertical distribution, samples were categorized
into four habitat types: surface waters (0200 m, n = 90), mesopelagic waters (200—
1000 m, n = 11), bathypelagic waters (10004000 m, n = 8), and sediments (n = 4).

Seawater samples were collected using Niskin bottles (12 L) mounted on a CTD-rosette
6
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system. Approximately 50 L of seawater was collected per sample, and microbial
biomass was concentrated by sequential filtration. Water samples were filtered through
a 0.22 um pore-size filter (PES membrane, PALL Laboratory) to retain microbial
communities. Filtration was performed using a Masterflex peristaltic pump, with a
filtration volume of approximately 2—5 L per filter depending on clogging conditions.
The filters were then placed in sterile 15 mL Falcon tubes and immediately stored at
—80°C until DNA extraction. To avoid cross-contamination between samples, the
filtration system was thoroughly cleaned with 10% bleach and filtered seawater
between samples. Sediment samples were collected using a box corer. Surface
sediments (0—10 cm) were subsampled from the center of each core under sterile
conditions to minimize edge contamination. All sediment samples were preserved at
low temperature immediately after collection and transported to the laboratory for
further analysis.

Environmental data collection

During sampling, in situ environmental measurements were conducted at all stations to
characterize local oceanographic conditions. Tmperature, salinity, and depth were
recorded using a CTD profiler (Idronaut, Italy). Dissolved oxygen (DO) was measured
using a YSI 6600V2-02 multiparameter instrument (Xylem-YSI, Yellow Springs, OH,
USA). Prior to deployment, the YSI instrument was calibrated following the
manufacturer’s recommended two-point procedure using sodium sulfite solution for
zero-oxygen calibration and water-saturated air for full-scale calibration [29, 30].
Inorganic nutrients, including nitrite (NO2z"), nitrate (NOs~), ammonium (NH4"), and
phosphate (PO+*"), were analyzed using a Lachat QC8500 flow injection autoanalyzer
(Lachat Instruments, Loveland, CO, USA) according to standard oceanographic

protocols (GB/T 12763.6-2007) (Additional file 1).
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To investigate large-scale environmental drivers of marine fungal diversity and
community composition, five oceanographic variables were further compiled from
publicly available global environmental raster datasets (Additional file 2): sea surface
temperature (SST, °C), sea surface salinity (PSU), chlorophyll a concentration (Chl a,
mg m?), nitrate concentration (umol L), and phosphate concentration (umol L™'). SST
data were downloaded from MODIS Aqua and Terra satellite products provided by the
NASA Ocean Color database (https://oceancolor.gsfc.nasa.gov/) at a spatial resolution
of approximately 4 km, whereas salinity, Chl a, nitrate and phosphate data were
obtained from Bio-ORACLE v2.1 (version 2.1) [31] at a spatial resolution of 0.083°
(approximately 9—10 km). Environmental raster datasets were downloaded as quality-
controlled NetCDF files and processed using the xarray package in Python.
Environmental values for each sampling station were extracted using bilinear
interpolation based on geographic coordinates. When multiple temporal layers were
available, temporal averages were calculated to generate climatological environmental
estimates before spatial extraction. These long-term environmental averages were used
to minimize the influence of short-term fluctuations and facilitate comparisons among
sampling locations. However, they may not fully represent instantaneous environmental
conditions during sampling cruises.

DNA extraction and amplicon sequencing

Total genomic DNA was extracted from sediment samples using the PowerSoil DNA
Isolation Kit (MoBio Laboratories, Carlsbad, CA, USA) following the manufacturer’s
protocol. For seawater samples, microbial biomass retained on 0.22 pm
polyethersulfone (PES) membrane filters (PALL Laboratory) was used for DNA
extraction. DNA quality was assessed by 1% (w/v) agarose gel electrophoresis. DNA

concentration was quantified using a Qubit® 3.0 Fluorometer (Life Technologies,
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United States), and DNA purity was evaluated using a NanoDrop™ 2000
Spectrophotometer (Thermo Scientific, United States). All DNA samples were stored
at —20°C until further use.

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

primers LROR _F (5'-CCGCTGAACTTAAGCATATCAATA-3" ) and LR5-F (5’ -
CGATCGATTTGCACGTCAGA-3" ) [32]. Each 20 pL reaction contained 4 pL of 5x

FastPfu Buffer, 2 pL of 2.5 mM dNTPs, 0.8 pL of each primer (5 uM), 0.4 pL of
TransStart FastPfu DNA Polymerase (TransGen Biotech, Beijing, China),
approximately 10 ng of template DNA, and nuclease-free water. PCR cycling
conditions were as follows: initial denaturation at 95°C for 5 min; 30 cycles of
denaturation at 95°C for 30 s, annealing at 58°C for 30 s, and extension at 72°C for 45
s; followed by a final extension at 72°C for 10 min.

PCR products were verified by 2% agarose gel electrophoresis and quantified using a
QuantiFluor™-ST fluorometer (Promega, USA). Equimolar amounts of qualified PCR
products were pooled for library construction following the PacBio standard protocol
with sample-specific barcodes. Sequencing was performed on the PacBio Sequel II
platform using Circular Consensus Sequencing (CCS) technology.

Data Processing and Analysis

Raw CCS sequences for each sample were obtained from the PacBio platform and
imported into QIIME 2 (version 2024.10) [33] for downstream analyses. Primer
sequences were removed using Cutadapt (version 5.0) [34]. Quality filtering was
performed using the filterAndTrim function in the DADA2 R package (version 1.30.0)
[35], where reads containing ambiguous bases, expected errors greater than five, low-
complexity sequences, or lengths outside the range of 800—-1400 bp were discarded, and

PhiX sequences were removed. This step was used exclusively for read quality control
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and not for amplicon sequence variant inference. Subsequently, high-quality reads were
clustered into operational taxonomic units (OTUs) at 97% sequence similarity using the
cluster-features-de-novo command in VSEARCH (version 2.22.1) [36] and the most
abundant sequence in each OTU was selected as the representative sequence for
downstream analyses.

Taxonomic classification was initially conducted using a custom-curated fungal 28S
rDNA reference database (Additional file 3) designed for LSU-based fungal taxonomy
and containing over 200,000 quality-controlled annotated fungal sequences.
Classification was performed with the q2-feature-classifier plugin using a Naive Bayes
approach. OTUs unassigned at the phylum level were further aligned using BLASTn
[37] against the custom 28S rDNA database. If necessary, they were also aligned against
the NCBI NT EUK database (https://ftp.ncbi.nlm.nih.gov/blast/db/). For phylum-level
unclassified OTUs with an abundance greater than three reads, phylogenetic analyses
were performed. Long 28S rDNA reference sequences (>1400 bp) representing major
fungal phyla, with Stramenopiles as outgroups, were combined with the OTU
sequences and aligned using MAFFT (version 7.525) [38]. Maximum likelihood (ML)
phylogenetic trees were constructed in IQ-TREE (version 1.6) [39] under the
GTR+F+I+G4 model with 1,000 bootstrap replicates and the Shimodaira—Hasegawa
approximate likelihood ratio test (SH-aLRT), while Bayesian inference (BI) analyses
were performed in MrBayes (version 3.2) [40] with 2 million MCMC generations using
the same model. As ML and BI trees were nearly identical, only the ML tree is presented.
Alpha diversity indices, including Observed OTUs, Shannon index, Simpson index,
Inverse Simpson index, and Pielou’s evenness, were calculated using the R packages
phyloseq, vegan, and ggplot2 [41]. Beta diversity was evaluated with Bray—Curtis

dissimilarity and visualized through principal coordinate analysis (PCoA). The
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relationships between environmental and geographic variables and fungal diversity
were evaluated using regression analyses. Linear regression was used to calculate R?
values, and generalized additive models (GAMs) were applied to assess potential
nonlinear relationships [42, 43]. Redundancy analysis (RDA) was performed using the
vegan package in R to evaluate the contributions of environmental and geographic
variables to surface fungal community composition [44]. Geographic variables
(longitude and latitude) and environmental variables (SST, salinity, chlorophyll a,
nitrate, and phosphate) were included as explanatory variables. The significance of
RDA models and individual predictors was assessed using permutation tests (999
permutations). Partial RDA and variation partitioning were further performed to
separate the independent and shared contributions of environmental and geographic
variables [44]. Marginal effects of individual predictors were evaluated using separate
RDA models [44]. Fungal functional guilds were predicted using FUNGuild [45] in
Python (version 3.10.14), which classifies fungi based on ecological traits such as
trophic mode, nutritional type, and host association. Analysis code and scripts for data

processing are provided in Additional file 4.

Results

Diversity of fungi in the tropical Indian and western Pacific Oceans

Amplicon sequencing of the 28S rRNA gene was performed on 113 samples collected
across the tropical Indian and western Pacific Oceans. A total of 2,225,480 high-quality
sequences were obtained, which clustered into 46,938 fungal OTUs at a 97% similarity
threshold. These fungal OTUs assigned to 35 phyla, 164 classes, 254 orders, 509
families, 940 genera, and 1,055 species (Additional files 5-7). At the phylum level

(Figure 2; Additional file 8), fungal communities were dominated by Ascomycota
11
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(52.84% of total OTUs), followed by Basidiomycota (16.67%). Chytridiomycota
(7.04%) and Rozellomycota (6.56%) were also abundant, whereas unclassified fungi
accounted for 7.44% of all OTUs, suggesting substantial previously uncharacterized
fungal diversity in the tropical Indian and western Pacific Oceans.

Phylogenetic analysis of the amplified 28S rRNA region revealed three distinct fungal
clades that did not fall within any currently recognized fungal phylum (Figure 3,
Tablel). Candidate.Taichumycota formed an independent lineage sister to Aphelida,
whereas Candidate.Shizhenmycota and Candidate.Xihemycota together formed a
monophyletic group that was recovered as sister to Zoopagomycota. These closest
known relatives were subsequently used as reference sequences for pairwise
comparisons. Within Candidate. Taichumycota, pairwise sequence identities ranged
from 84.6% to 92.6% (coverage 97.2-99.6%), whereas comparisons with Aphelida
reference sequences showed substantially lower identities (68.4-69.3%) and coverage
(95.5-97.2%). Candidate.Shizhenmycota exhibited within-lineage sequence identities
of 46.7-91.6% (coverage 77.2-99.3%), compared with only 45.2—-55.4% identity and
coverage (77.0-86.8%) to Zoopagomycota references. Similarly,
Candidate.Xihemycota showed within-lineage identities of 49.1-93.0% (coverage
82.8-99.8%), whereas comparisons with Zoopagomycota references yielded only 50.2—
59.1% identity and coverage (76.9—85.9%). Notably, pairwise comparisons between
Candidate.Xihemycota and Candidate.Shizhenmycota showed identities ranging from
43.3% to 65.6% (coverage 72.9-93.3%), further supporting their distinction as separate
lineages despite their close phylogenetic relationship. These phylogenetic and sequence
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data collectively indicate that the three lineages are genetically distinct from their

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

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

Candidate.Xihemycota pending additional genomic and morphological evidence.

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

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

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 68.4-69.3 95.5-97.2
Aphelida

Between Candidate.Shizhenmycota and 45.2-55.4 77.0-86.8
Zoopagomycota

Between Candidate.Xihemycota and 50.2-59.1 76.9-85.9
Zoopagomycota

Between Candidate.Xihemycota and 43.3-65.6 72.9-93.3

Candidate.Shizhenmycota

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

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

performed using trimmed sequences corresponding to the amplified region and

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

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

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

phyla and were characterized by relatively high proportions of Ascomycota (63.1%),
Basidiomycota (13.8%), and Chytridiomycota (6.2%). In contrast, mesopelagic and
bathypelagic communities showed stronger dominance by Ascomycota, accounting for
92.3% and 83.5% of sequences, respectively. Sediment communities displayed a
distinct taxonomic profile, with reduced relative abundance of Ascomycota (64.9%)
and increased contributions from Basidiomycota (29.9%) and Chytridiomycota (4.3%).
The three candidate deep-branching lineages also showed different vertical
stratification (Figure 4). Candidate. Taichumycota was detected exclusively in surface
waters. Candidate.Shizhenmycota was most abundant in surface communities but
occurred at lower relative abundances throughout the water column, whereas
Candidate.Xihemycota was detected across all water layers and reached its highest
relative abundance in sediments. Similar compositional patterns were observed at the
genus level (Figure 5; Additional file 9). Surface communities contained a large
proportion of unassigned taxa (32.5%), together with abundant Nectria (27.5%),
Emmonsiellopsis (14.7%), and Penicillium (6.7%). In mesopelagic communities,
Nectria accounted for 77.5% of sequences and remained abundant in bathypelagic
waters (56.0%). Bathypelagic communities also contained relatively high proportions
of Emmonsiellopsis (13.5%) and Malassezia (10.7%). Sediment communities were
dominated by Emmonsiellopsis (41.5%), followed by Malassezia (16.5%), Nectria
(12.5%), and Filobasidium (11.2%).

Environmental and geographic factors shaping fungal community structure
across the tropical Indian Ocean and western Pacific Ocean

Beta-diversity analyses based on Bray—Curtis dissimilarity revealed significant
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differentiation of fungal community composition among water layers across the tropical
Indian Ocean and western Pacific Ocean (Figure 6; Table 2; Table S1). PERMANOVA
showed that water layer significantly influenced fungal community structure,
explaining 12.4% of the total variation (R*=0.124, p = 0.001). ANOSIM analysis also
detected significant differences among water layers, although the separation strength
was relatively modest (R = 0.121, p = 0.018). Together, these results indicate that
vertical habitat differentiation represents an important factor associated with variation
in marine fungal community composition, while substantial unexplained variation
remained among samples. Pairwise comparisons further demonstrated significant
differentiation among water-layer communities (Table S1). The strongest separation
occurred between mesopelagic and sediment communities, followed by comparisons
involving bathypelagic and sediment habitats, whereas surface communities showed
comparatively weaker differentiation from other habitats. Principal coordinate analysis
(PCoA) based on Bray—Curtis dissimilarity further supported the vertical differentiation
pattern, with samples showing partial separation according to habitat type (Figure 6).
The first and second PCoA axes explained 26.7% and 9.5% of total community
variation, respectively, although considerable overlap remained among water layers.

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

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

PERMANOVA.
ANOSIM Analysis
Variable R-Value P-Value
Layer 0.121175 0.018

PERMANOVA (adonis) Analysis

15
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Variable R? P-Value

Layer 0.124389 0.001

Note: Analyses were based on Bray-Curtis dissimilarity. For ANOSIM, R > 0 indicates
greater dissimilarity between groups than within groups. For PERMANOVA, R?
represents the proportion of variance explained. P-value < 0.05 is considered
statistically significant and is shown in bold.

Table S1. Pairwise PERMANOVA (Adonis) analysis of fungal community
dissimilarity across different water layers in the tropical Indian Ocean and western

Pacific Ocean.

PERMANOVA (adonis) Analysis

Factor R? 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
dissimilarity. R? represents the proportion of variance explained. P-value < 0.05 is

considered statistically significant and is shown in bold.

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

geographic analyses were restricted to surface communities to minimize biases
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associated with unequal sample sizes. Geographic and environmental variables
exhibited distinct relationships with fungal alpha diversity patterns in surface waters of
the tropical Indian and western Pacific Oceans (Additional file 10). Among geographic
factors, longitude exhibited significant relationships with multiple diversity indices.
Longitude was positively associated with observed richness but negatively associated
with Shannon diversity, Simpson diversity, and Pielou’s evenness (Figure 7). In contrast,
latitude showed no significant associations with any alpha diversity metric (p > 0.05).
Among environmental variables, salinity and phosphate concentration were
significantly associated with fungal diversity patterns, whereas SST, chlorophyll a, and
nitrate showed no significant relationships with alpha diversity indices. Both salinity
and phosphate displayed similar trends, with higher values associated with increased
observed richness but reduced Shannon diversity, Simpson diversity, and community
evenness. Among all variables examined, phosphate showed the strongest associations
with alpha diversity variation, particularly for community evenness (Figures 7-8).

To further evaluate the relative contributions of geographic and environmental factors
to fungal community composition, redundancy analysis (RDA) was performed using
surface fungal communities (Figure 9). The overall RDA model was significant (F =
2.644, p = 0.001) and explained 18.6% of the total variation in fungal community
composition. Partial RDA demonstrated significant contributions from both geographic
and environmental components, with environmental variables (F = 1.922, p = 0.001)
and geographic variables (F = 3.085, p = 0.001) each contributing significantly to
community variation. Variation partitioning revealed that pure environmental effects
and pure geographic effects independently explained 4.7% and 4.4% of community
variation, respectively, while their shared contribution accounted for an additional 2.4%.

Marginal effects analysis identified longitude as the strongest individual predictor,

17



362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

explaining 5.52% of the variation in fungal community composition, followed by
phosphate concentration (4.73%) and salinity (3.39%) (Table 3). These results indicate
that large-scale geographic gradients and environmental heterogeneity jointly
contribute to shaping surface fungal community composition in the tropical Indian
Ocean and western Pacific Ocean.

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

community composition based on redundancy analysis (RDA).

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
explanatory variable fitted separately. Explained variance (%) represents the adjusted
proportion of fungal community variation explained by each predictor alone. F-values
indicate the strength of predictor effects relative to residual variation. Variables are
ranked according to their individual explanatory power. P-value < 0.05 is considered
statistically significant and is shown in bold.

Prediction of fungal functional guilds

Beta diversity analyses of predicted fungal functional guild composition indicated

significant variation among water layers (Table 4). PERMANOVA showed that water
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layer explained 21.1% of the variation in predicted functional guild composition (R* =
0.211, p = 0.001). ANOSIM produced a consistent result, indicating significant
differences in predicted functional guild composition among water layers (R =0.178, p
=0.001).

FUNGuild predictions suggested that the relative composition of predicted fungal
guilds varied across water layers (Figure 10, Additional file 11-12). Surface
communities exhibited relatively high functional heterogeneity, with predicted
functional assignments distributed among undefined taxa (17.2%), plant pathogens
(11.0%), wood saprotrophs (10.6%), endophytes (10.5%), fungal parasites (9.8%),
undefined saprotrophs (9.9%), animal pathogens (9.2%), and plant saprotrophs (8.4%).
Predicted functional guild compositions in the mesopelagic and bathypelagic layers
were broadly similar, with relatively even contributions from pathogenic, parasitic,
endophytic, and saprotrophic guilds, each accounting for approximately 12—-14% of the
total predicted functional assignments. In contrast, sediment communities showed a
distinct predicted functional guild composition, with a markedly higher relative
abundance of undefined saprotrophs (35.1%) and comparatively lower proportions of
predicted endophytes, plant pathogens, and wood saprotrophs than those observed in
pelagic communities.

Table 4. ANOSIM and PERMANOVA (Adonis) analyses of predicted fungal functional
guild composition across different water layers in the tropical Indian Ocean and western

Pacific Ocean based on Bray—Curtis dissimilarity.

ANOSIM Analysis
Factor R-value P-value
Layers 0.178 0.001
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PERMANOVA (Adonis) Analysis

Factor R? P-Value

Layers 0.211 0.001

Note: Analyses were based on Bray—Curtis dissimilarity of predicted fungal functional
guild composition inferred using FUNGuild. For ANOSIM, R-value > 0 indicate
greater dissimilarity between groups than within groups. For PERMANOVA (Adonis),
R? represents the proportion of variance explained. P < 0.05 was considered statistically

significant and is shown in bold.

Discussion

This study provides a comprehensive assessment of fungal diversity across the tropical
Indian Ocean and western Pacific Ocean using long-read 28S rRNA metabarcoding. A
total of 46,938 fungal OTUs were recovered from 113 samples, representing 35 phyla,
164 classes, 254 orders, 509 families, 940 genera, and 1,055 species, highlighting the
extensive diversity of the marine mycobiome. At the phylum level, fungal communities
were primarily dominated by Ascomycota (67.47%) and Basidiomycota (13.43%).
Although Ascomycota and Basidiomycota dominated marine fungal communities,
consistent with previous surveys of coastal and benthic environments [48—50], our
results further demonstrated substantial contributions from early-diverging fungal
lineages [48], including Chytridiomycota (5.18%) and Rozellomycota (2.35%). The
widespread occurrence of Chytridiomycota across marine habitats is consistent with
their recognized ecological roles in planktonic ecosystems, where parasitic interactions
with phytoplankton may facilitate carbon transfer through the aquatic mycoloop
pathway [49]. In contrast, many members of Rozellomycota remain poorly

characterized due to limited cultivation and functional information, despite their
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frequent detection in aquatic environments [50]. The detection of additional low-
abundance lineages, including Mucoromycota (2.14%), Mortierellomycota (0.65%),
Olpidiomycota (0.33%), Aphelidiomycota (0.09%), and Monoblepharomycota (0.83%),
further highlights that marine fungal diversity extends well beyond the traditionally
recognized dominant groups [51].

At the genus level, Nectria was the overwhelmingly dominant genus in our dataset,
accounting for 33.89% of the total fungal abundance, followed by Emmonsiellopsis
(14.92%), Penicillium (5.41%), and Malassezia (4.95%). However, a considerable
proportion of sequences (27.70%) could not be assigned to described genera,
emphasizing the large proportion of unresolved fungal diversity in tropical oceanic
ecosystems [52, 53]. The predominance of Nectria in our dataset is noteworthy, as this
genus has been frequently detected in marine environments, particularly in association
with coral-associated communities and deep-sea sediments [54, 55]. Members of
Nectria are known to exhibit diverse ecological strategies, including saprotrophic
decomposition of organic matter and potential pathogenic interactions with marine
organisms [56]. The high relative abundance of Emmonsiellopsis in our study is
consistent with previous observations in marine sediments and coral-associated
environments, where this genus has been reported as a common component of benthic
fungal communities[18, 23]. Penicillium, though ranking third in overall abundance,
has been widely reported as a dominant genus in various marine habitats, including
mangrove sediments, marine sponges, and polar environments [57, 58]. The repeated
detection of Penicillium across diverse marine environments may reflect its broad
environmental tolerance and capacity to colonize various marine substrates [59].
Previous studies have suggested that Penicillium species can function as marine-

associated saprotrophs involved in organic matter decomposition and nutrient recycling,
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while also producing diverse secondary metabolites with potential effects on microbial
interactions [60, 61]. Malassezia, a genus primarily known as a mammalian skin
commensal and pathogen, has been increasingly recognized as a widespread component
of marine fungal communities, particularly in pelagic environments [16]. Its presence
in our dataset across multiple water layers suggests that this genus may play previously
unrecognized ecological roles in marine ecosystems.

Importantly, the high proportion of unresolved taxa observed in this study indicates that
current assessments likely underestimate marine fungal diversity. Instead of excluding
unclassified sequences [62, 63], phylogenetic analyses of deeply divergent OTUs
revealed three independent lineages that could not be assigned to currently recognized
fungal phyla. Candidate.Taichumycota formed a lineage sister to Aphelida, whereas
Candidate.Shizhenmycota and Candidate.Xihemycota formed a divergent lineage
associated with Zoopagomycota. Their distinct phylogenetic positions and low
sequence similarity to recognized groups support their status as deeply divergent
candidate lineages, although further morphological observations and multi-locus
phylogenomic analyses are required for formal taxonomic evaluation. The discovery of
these candidate lineages suggests that marine ecosystems represent important reservoirs
of previously unrecognized fungal evolutionary diversity [46]. The high fungal
diversity detected in this study likely reflects several methodological improvements.
First, the application of long-read 28S rRNA metabarcoding provided longer
phylogenetic information compared with conventional short-read approaches,
facilitating improved resolution of divergent fungal lineages [61, 64]. Second, the
integration of multiple reference databases, including SILVA [65], the NCBI BLAST
nucleotide database (https://ftp.ncbi.nlm.nih.gov/blast/db/), and EUKARYOME [66],

expanded the available sequence framework and may have improved taxonomic
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assignment [61, 64]. Third, subsequent phylogenetic placement of initially unclassified
OTUs enabled the recognition of deeply divergent fungal lineages that would otherwise
remain unresolved as environmental sequences. Together, these approaches enhanced
the detection and characterization of previously overlooked marine fungal diversity.
Nevertheless, several limitations should be considered. Although a 97% sequence
similarity threshold was adopted in this study based on previous fungal LSU studies
[67] and to facilitate comparisons with existing datasets, OTU-based clustering may
underestimate fine-scale sequence variation among closely related fungal taxa. Future
investigations integrating ASV-based approaches, multiple molecular markers, and
expanded marine fungal genome resources will further improve the resolution of marine
fungal diversity assessments [35].

Fungal communities exhibited pronounced vertical stratification across the tropical
Indian Ocean and western Pacific Ocean. PERMANOVA and ANOSIM analyses based
on Bray—Curtis dissimilarity demonstrated significant differentiation among water
layers, although water depth explained only a moderate proportion of total community
variation (R? = 0.124). The strongest differentiation occurred between mesopelagic and
sediment communities, suggesting that depth-related habitat transitions represent
important ecological gradients shaping marine fungal assemblages. Similar depth-
associated differentiation has been reported in global marine fungal surveys, where
planktonic and benthic fungal communities exhibited distinct assemblage structures,
with only 15.4% of OTUs shared between water-column and sediment habitats,
highlighting strong ecological differentiation between pelagic and benthic
environments [4]. Such habitat-associated community differentiation may reflect
differences in resource availability, substrate characteristics, and organic matter sources

among marine environments [18, 25, 68]. Sediment environments provide abundant
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particulate organic substrates and frequently harbor saprotrophic fungal taxa involved
in organic matter degradation, whereas pelagic fungal communities experience
contrasting resource regimes and particle-associated habitats [18, 25, 68]. Therefore,
vertical patterns of marine fungal communities may not simply represent responses to
depth gradients, but rather reflect the combined effects of habitat transitions,
environmental filtering, and ecological specialization across contrasting marine
environments.

Because sampling effort was strongly uneven among water layers, environmental and
geographic analyses were restricted to surface communities to minimize biases
associated with unequal sample sizes. The RDA model explained 18.6% of the variation
in fungal community composition, with significant contributions from both geographic
and environmental variables. Variation partitioning further showed comparable
independent effects of geographic factors (4.4%) and environmental factors (4.7%),
together with shared contributions (2.4%), indicating that surface fungal communities
are jointly structured by spatial gradients and environmental heterogeneity.

Among geographic variables, longitude emerged as the strongest predictor of fungal
community composition, explaining 5.52% of total variation in the RDA model.
Longitude was also significantly associated with all alpha diversity metrics, showing a
positive relationship with observed richness but negative relationships with Shannon
diversity, Simpson diversity, and Pielou’s evenness. This pattern suggests that
longitudinal gradients may influence not only fungal richness but also community
organization by altering the relative dominance of different taxa. Similar spatial patterns
have been reported in marine fungal communities from the Gulf of Mexico, where both
latitude and longitude contributed to the distribution patterns of marine ascomycete

communities [25]. At large spatial scales, longitudinal variation may integrate multiple
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oceanographic processes, including differences in ocean circulation, water mass
characteristics, and regional environmental heterogeneity [4]. In the tropical Indian
Ocean and western Pacific Ocean, extensive connectivity among oceanic regions may
facilitate the dispersal of fungal propagules, whereas regional differences in
hydrographic conditions may influence local establishment and dominance patterns [69,
70]. Unlike longitude, latitude showed no significant relationships with alpha diversity
metrics in this study, although it contributed significantly to variation in community
composition. This indicates that latitudinal gradients may influence species turnover
and community assembly processes rather than local diversity levels. Similar weak
relationships between latitude and marine fungal diversity have been reported in global
surveys, suggesting that classical latitudinal diversity gradients may not universally
apply to marine fungi [16, 71]. The high dispersal potential of fungal propagules,
particle-mediated transport, and oceanic connectivity may weaken the influence of
geographic distance and contribute to the absence of clear latitudinal diversity patterns
[16, 70]. However, the relative roles of dispersal processes and environmental filtering
in shaping marine fungal biogeography remain unresolved and require further
investigation using broader spatial sampling and long-term observations [16].

Among environmental variables, phosphate availability emerged as one of the most
important factors associated with fungal diversity and community composition.
Phosphate showed a positive relationship with observed richness but negative
relationships with Shannon diversity, Simpson diversity, and Pielou’s evenness.
Consistently, phosphate explained the largest proportion of variation among alpha
diversity metrics and accounted for 4.73% of community variation in the RDA analysis.
These patterns suggest that phosphate availability may enhance the recruitment or

persistence of additional fungal taxa while simultaneously increasing the dominance of

25



545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

competitive or opportunistic groups. Similar nutrient-associated shifts have been
observed in coastal sediments and marginal seas, where phosphorus availability
influences fungal assemblage structure and ecological interactions [18, 23]. For
example, nutrient enrichment in coastal sediments has been shown to increase fungal
richness while promoting dominance by opportunistic taxa, resulting in reduced
community evenness [23]. Furthermore, phosphorus availability has been identified as
an important factor regulating marine sediment fungal communities, with phosphate
concentrations significantly associated with the abundance of dominant fungal phyla
such as Ascomycota and Basidiomycota [18]. Salinity also exhibited significant effects
on fungal diversity and community composition, explaining 3.39% of community
variation in the RDA model. Salinity was positively correlated with observed richness
but negatively correlated with Shannon diversity, Simpson diversity, and Pielou’s
evenness. Similar salinity-associated structuring of marine fungal communities has
been reported across diverse environments. For example, Baltic Sea studies
demonstrated that salinity was a major predictor of benthic fungal community
composition, with distinct assemblages occurring along salinity gradients [72].
Similarly, coastal sediment studies from Guangdong, China, showed that salinity
significantly influenced fungal diversity, with differences in richness between low- and
high-salinity environments [18]. In contrast to salinity and phosphate, temperature,
chlorophyll a, and nitrate showed limited relationships with fungal alpha diversity,
although they contributed significantly to community composition in the RDA model.
This discrepancy suggests that these variables may primarily influence community
structure and taxonomic composition rather than overall diversity patterns. Chlorophyll
a and nitrate may affect marine fungal assemblages indirectly by regulating

phytoplankton productivity, organic carbon availability, and particle-associated habitats,
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thereby altering resource conditions and competitive interactions among fungal taxa
rather than directly determining fungal richness [73, 74]. Consistent with this
interpretation, previous studies have shown that nitrate availability can significantly
influence marine fungal community composition, with changes in dissolved inorganic
nitrogen associated with shifts in fungal assemblage structure [4, 75]. The relatively
weak association between temperature and alpha diversity suggests that thermal
gradients may play a limited role in shaping local diversity patterns of marine fungal
communities in the tropical Indian Ocean and western Pacific Ocean, compared with
other environmental factors such as nutrient availability [4, 16].

Predicted functional guild composition exhibited significant vertical differentiation
across the tropical Indian Ocean and western Pacific Ocean. Functional beta-diversity
analysis showed that water layer explained 21.1% of the variation in predicted
functional composition (R? = 0.211, p = 0.001). Surface communities exhibited the
highest functional heterogeneity, with predicted assignments distributed among
multiple ecological guilds, including plant pathogens, wood saprotrophs, endophytes,
fungal parasites, and undefined saprotrophs. This pattern is consistent with previous
studies showing that planktonic marine fungi encompass diverse trophic modes [69,
70]. The high functional diversity of surface communities may be associated with
heterogeneous organic substrates derived from primary production, phytoplankton
mortality, terrestrial inputs, and sinking particles, which collectively generate diverse
ecological niches supporting the coexistence of fungi with contrasting ecological
strategies [73, 76]. In contrast, mesopelagic and bathypelagic communities exhibited
relatively similar predicted functional profiles. This similarity may be associated with
vertical ecological connectivity mediated by sinking particulate organic matter. Marine

snow links surface and deep ocean environments by transporting organic carbon and
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microbial biomass into the deep ocean, thereby providing nutritional resources and
microscale habitats for heterotrophic microorganisms, including fungi [70, 73].
Sediment communities displayed distinct functional characteristics compared with
pelagic habitats, primarily characterized by a strong enrichment of undefined
saprotrophs (35.1%). This pattern is consistent with previous studies showing that
marine sediments generally harbor abundant saprotrophic fungi involved in organic
matter degradation and carbon transformation processes [77]. However, these
functional assignments remain predictive because FUNGuild is mainly based on well-
characterized terrestrial fungi, while many marine fungal lineages remain poorly
represented in current databases [45, 70]. Therefore, future integration of metagenomics,
metatranscriptomics, metabolomics, and cultivation-based approaches will be

necessary to further validate the ecological functions of marine fungi.

Conclusions

Marine fungi represent an important yet still poorly characterized component of ocean
ecosystems. Using long-read 28S rRNA metabarcoding across the tropical Indian
Ocean and western Pacific Ocean, this study revealed extensive fungal diversity,
including a large proportion of unresolved sequences and three deeply divergent
candidate fungal lineages. These findings suggest that current assessments based on
available reference resources likely underestimate the evolutionary diversity of marine
fungi. Fungal communities exhibited significant vertical differentiation across surface
waters, mesopelagic and bathypelagic zones, and sediments, although water layer
explained only a moderate proportion of community variation. Surface fungal
community composition was jointly associated with geographic gradients and
environmental variability, with longitude, phosphate, and salinity emerging as

important predictors. Predicted ecological guild composition exhibited clear vertical
28



620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

differentiation, with sediment environments particularly enriched in predicted
undefined saprotrophic guilds, potentially reflecting the distinct organic matter regimes
and ecological conditions of benthic habitats. Together, this study expands our
understanding of marine fungal diversity and biogeographic patterns in the tropical
Indian and western Pacific Oceans, revealing previously unrecognized evolutionary
lineages and complex environmental associations. Future investigations integrating
multi-locus phylogenomics, cultivation approaches, metatranscriptomics, and
expanded environmental sampling will be essential for resolving the ecological

functions and evolutionary origins of these newly identified fungal lineages.
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Figure legends

Figure 1. Characterisation of environmental conditions and sampling sites across

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

distribution of sampling sites and associated environmental gradients, including: (a)
average sea surface temperature (SST, °C); (b) average sea surface salinity (PSU); (¢)
average chlorophyll a concentration (Chl a, mg-m™); (d) average nitrate concentration
(umol-L™"); and (e) average phosphate concentration (umol-L™"). Sampling sites are
color-coded and shaped according to water depth: yellow circles, surface; green

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

Figure 2. Phylum-level distribution of fungal communities across water layers in
the tropical Indian and western Pacific Oceans. Panels show relative abundance at
the phylum level for: (a) surface, (b) mesopelagic, (¢) bathypelagic, and (d) sediment

samples.

Figure 3. Phylogenetic analysis of 28S rRNA sequences from OTUs assigned to
unclassified fungi. Representative 28S rRNA sequences from eleven recognized fungal
phyla were included, with Stramenopiles sequences used as the outgroup. The scale bar
represents 0.5 substitutions per site. Branch support values are shown as Bayesian

posterior probabilities / SH-aLRT / ultrafast bootstrap values.
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Figure 4. Distribution of novel candidate fungal phyla across water layers
(heatmap). The horizontal axis represents (1) Candidate.Shizhenmycota, (2)

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

Figure 5. Distribution of the top 30 fungal genera across water layers in the
tropical Indian Ocean and western Pacific Ocean. Panels show relative abundance

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

Figure 6. Principal coordinate analysis (PCoA) of fungal communities across the
tropical Indian Ocean and western Pacific Ocean based on Bray—Curtis
dissimilarity. Samples color-coded by water layer, with ellipses representing 95%
confidence intervals. PCoAl and PCoA2 axes explain 26.7% and 9.5% of the
community variance, respectively. Statistical results were obtained from
PERMANOVA analyses based on Bray—Curtis dissimilarity, where R? represents the
proportion of explained variation and p < 0.05 indicates significant differences in

community composition.

Figure 7. Observed OTU richness of surface fungal communities in relation to
geographic (longitude, latitude) and environmental (temperature, salinity,
chlorophyll a, nitrate, phosphate) variables. Panels: (a) longitude, (b) latitude, (c)
SST, (d) salinity, (e) chlorophyll a, (f) nitrate, and (g) phosphate. Solid lines indicate
fitted generalized additive models (GAMs), and shaded areas represent 95% confidence
intervals. R? and p-values are shown in each panel. Statistical significance was assessed

at p <0.05.
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Figure 8. Shannon diversity index of surface fungal communities in relation to
geographic (longitude, latitude) and environmental (SST, salinity, chlorophyll a,
nitrate, phosphate) variables. Panels: (a) longitude, (b) latitude, (c) SST, (d) salinity,
(e) chlorophyll a, (f) nitrate, and (g) phosphate. Solid lines indicate fitted generalized
additive models (GAMs), and shaded areas represent 95% confidence intervals. R? and
p-values are displayed in each panel. Statistical significance was assessed at p < 0.05.

SST, sea surface temperature.

Figure 9. Redundancy analysis (RDA) illustrating relationships between surface
fungal community composition and environmental and geographic variables.
Points represent individual surface samples, and arrows indicate the direction and
strength of explanatory variables. The first and second constrained axes explained 6.63%
and 3.32% of the total variation, respectively. Environmental variables included sea
surface temperature (SST), salinity, chlorophyll a, nitrate, and phosphate, while

geographic variables included longitude and latitude.

Figure 10. Predicted functional guild composition of fungal communities across

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

abundances of major fungal functional guilds were inferred using FUNGuild.
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