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Abstract

Mangrove sediments represent dynamic coastal microbiomes that harbor diverse microbial
communities under fluctuating environmental conditions. Unlike extensively studied
bacterial communities, yeast microbiomes in mangrove habitats remain poorly understood.
This study evaluated the diversity, community dynamics, environmental associations, and
ecological interaction networks of yeast assemblages in mangrove sediments from Central
Java, Indonesia, using ITS metabarcoding and multivariate ecological analyses. Environ-
mental DNA extracted from sediment samples was sequenced using the Illumina NovaSeq
6000 platform, followed by ASV delineation, taxonomic curation, diversity analyses, ordi-
nation, variation partitioning, and co-occurrence network inference. Malassezia-associated
taxa dominated mangrove sediment yeast communities, with pronounced geographic
variation in subordinate taxa among ecosystems. Alpha- and beta-diversity analyses re-
vealed heterogeneous community patterns and compositional tendencies across mangrove
sediments. Salinity, total dissolved solids, Pb, and Cu were evaluated as potential environ-
mental gradients; however, permutation tests indicated that the measured variables did
not significantly explain yeast community composition. Co-occurrence network analysis
revealed predominantly positive and modular associations, with several highly connected
taxa potentially contributing to network connectivity and ecological organization. These
findings expand current understanding of fungal microbiome organization in tropical man-
grove ecosystems while emphasizing the need for cautious interpretation of environmental
drivers in DNA-based sediment metabarcoding studies.

Keywords: community dynamics; ecological network; ITS metabarcoding; mangrove
sediments; yeast microbiome

1. Introduction

Mangrove ecosystems are among the most productive and ecologically important
coastal habitats worldwide [1,2], functioning as transitional zones between terrestrial and
marine environments. These ecosystems support exceptional biodiversity while providing
critical ecosystem services, including carbon sequestration, nutrient cycling, shoreline
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stabilization, and long-term blue carbon storage [3,4]. Mangrove sediments, characterized
by high organic matter accumulation and reduced decomposition rates, play essential roles
in coastal resilience and global climate regulation. However, increasing anthropogenic pres-
sures, including climate change, sea-level rise, industrial pollution, aquaculture expansion,
and land-use conversion, continue to threaten the stability of mangrove ecosystems and
biodiversity globally [5,6].

Mangrove sediments represent highly dynamic microbial habitats shaped by fluc-
tuating salinity, tidal inundation, hypoxic conditions, and organic-rich substrates [7,8].
These physicochemical conditions support diverse microbial assemblages within highly dy-
namic estuarine sediments. Sediment-associated microorganisms contribute substantially
to organic matter decomposition, nutrient transformation, and biogeochemical cycling,
thereby supporting ecosystem functioning and sediment stability [9]. Advances in high-
throughput sequencing and environmental microbiology have considerably improved
the understanding of mangrove microbiomes. Nevertheless, most studies remain pre-
dominantly focused on bacterial and archaeal communities. Zhao et al. [10] found that
carbohydrate metabolism genes dominated subtropical mangrove sediments, emphasizing
the importance of microbial carbon degradation pathways in coastal ecosystems. Similarly,
Padhy et al. [11] reported distinct bacterial and archaeal assemblages associated with green-
house gas regulation and nutrient cycling. In contrast, Sengupta et al. [12] demonstrated
high microbial diversity and potential for secondary metabolite-associated genes in estuar-
ine mangrove sediments. Despite these advances, fungal communities, particularly yeasts,
remain comparatively underexplored.

Yeasts constitute an ecologically important component of mangrove fungal diversity
due to their strong physiological adaptability and tolerance to environmental stress [13,14].
As unicellular fungi, yeasts are capable of surviving under fluctuating salinity, tidal dis-
turbance, oxygen limitation, and organic-enriched sediment conditions characteristic of
mangrove ecosystems [15]. These traits enable yeasts to occupy diverse ecological niches
within coastal sediments [16]. Ecologically, mangrove-associated yeasts contribute to car-
bon degradation, nutrient recycling, and microbial interactions that support the functioning
of sediment ecosystems. Their metabolic versatility and environmental resilience further
suggest potential ecological importance in maintaining microbiome stability under dynamic
coastal conditions [17,18].

The emergence of internal transcribed spacer ITS metabarcoding and high-throughput
sequencing technologies has transformed fungal microbiome research by enabling de-
tailed characterization of fungal diversity across environmental gradients [19,20]. Con-
temporary fungal ecology increasingly incorporates alpha diversity, beta diversity, eco-
logical ordination, and co-occurrence network analyses to evaluate microbiome structure
and environmental associations [21,22]. Environmental filtering has frequently been pro-
posed as an important driver of fungal community organization in sediment ecosystems.
Bahram et al. [23] demonstrated that environmental variables strongly influence fungal
community structure across ecosystems, while Wang et al. [24] reported that environmental
disturbance can alter microbial interaction networks and ecological connectivity within
sediment microbiomes.

Despite growing interest in fungal ecology, studies specifically investigating mangrove-
associated yeast microbiomes remain limited. Pothayi et al. [25] reported diverse fungal
assemblages in mangrove sediments from India; however, their study primarily focused on
broad fungal taxonomic diversity and did not address yeast-specific microbiome dynamics
or ecological interactions. Current mangrove microbiome studies also rarely integrate di-
versity analysis, environmental association modeling, and ecological network approaches
within a yeast-focused framework [26]. Consequently, the spatial organization, environ-
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mental associations, and interaction structure of mangrove sediment yeast microbiomes
remain poorly understood.

Accordingly, this study aimed to characterize the diversity and taxonomic composition
of mangrove sediment yeasts, evaluate spatial variation in yeast community structure across
mangrove ecosystems, assess environmental associations with yeast microbiome dynamics,
and identify ecological interaction patterns among dominant yeast taxa.

2. Materials and Methods
2.1. Study Area

This study was conducted in five mangrove ecosystems in the northern coastal region
of Central Java, Indonesia, namely Demak (DMK), Jepara (JPR), Tegal (TGL), Semarang
(SMG), and Brebes (BRB). These ecosystems represent tropical estuarine mangrove habitats
characterized by tidal influence, fluctuating salinity, and organic-rich sediments [27]. The
selected sites differed in physicochemical conditions and anthropogenic influence, pro-
viding environmentally heterogeneous habitats suitable for evaluating yeast community
diversity and dynamics across mangrove ecosystems.

Mangrove sediments within the study area are periodically exposed to seawater
intrusion and sediment deposition, creating dynamic ecological conditions that support
diverse microbial assemblages. Geographic coordinates and spatial distribution of sampling
locations are presented in Supplementary Figure S1.

2.2. Sediment Sampling

Sediments were collected at low tide to assess intertidal mangrove zones. At each site,
three spatially separated points were sampled to capture local environmental variation.
Surface sediments (5-10 cm depth) were aseptically collected using sterile tools. Samples
(~200-300 g) were placed in sterile polypropylene containers, kept cool during transport to
the lab, and stored at —20 °C until DNA extraction and physicochemical analysis [28].

2.3. Environmental Parameter Measurements

Environmental parameters were measured to characterize the physicochemical condi-
tions that potentially influence yeast community structure in mangrove sediments [23,29].
The measured variables included pH, temperature, salinity, total dissolved solids (TDS),
and heavy metal concentrations of lead (Pb), cadmium (Cd), and copper (Cu) [30,31].

Sediment pH and temperature were measured in situ with a portable multiparameter
meter, while salinity and TDS were determined with a calibrated handheld conductivity
meter. All measurements were conducted in triplicate at each sampling point, and mean
values were used for subsequent ecological analyses.

For heavy metal analysis, sediment samples were transported under controlled con-
ditions to the Laboratorium Balai Besar Standardisasi dan Pelayanan Jasa Pencegahan
Pencemaran Industri for laboratory-based quantification of Pb, Cd, and Cu concentrations.
Sample preparation followed United States Environmental Protection Agency (USEPA)
Method 3051A (2007), which uses microwave-assisted acid digestion to extract trace metals
from sediment matrices. Quantification of heavy metals using USEPA Method 3051A
(2007) and American Public Health Association (APHA) Standard Method 3111B (2023).
Concentrations below the analytical detection limit were replaced with half the detection
limit before statistical analyses. Detailed environmental measurements for each sampling
replicate are presented in Table S1.
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2.4. DNA Extraction, ITS Amplification, and Sequencing

Environmental DNA (eDNA) was extracted from mangrove sediment samples using
the Quick-DNA Fecal/Soil Microbe Miniprep Kit (Zymo Research, Tustin, CA, USA)
according to the manufacturer’s protocol. DNA concentration and purity were evaluated
using a NanoDrop 2000 spectrophotometer (Thermo Scientific, Waltham, MA, USA) [32].

Yeast community profiling was performed using high-throughput sequencing target-
ing the fungal internal transcribed spacer (ITS1-ITS2) region, a widely used molecular
marker for fungal metabarcoding analyses [33]. Amplification of genomic DNA (gDNA) sam-
ples was conducted using the primer pair ITS1 (Forward: 5-TCCGTAGGTGAACCTGCGG-3')
and ITS4 (Reverse: 5-TCCTCCGCTTATTGATATGC-3'). Library preparation was subse-
quently performed from the final polymerase chain reaction (PCR) amplicons, and sequenc-
ing was carried out by PT Genetika Science Indonesia (Tangerang, Indonesia) using the
[lumina NovaSeq 6000 platform to generate paired-end raw reads [34]. Raw sequencing
reads were subjected to quality assessment prior to downstream bioinformatics processing.
Detailed sequencing quality statistics, read-filtering summaries, and raw sequencing data
are presented in Supplementary Table S2.

2.5. Sequence Processing and Taxonomic Assignment

Raw paired-end sequencing reads were processed using a Quantitative Insights Into
Microbial Ecology 2 (QIIME2)based bioinformatics workflow, while downstream statistical
analyses and visualization were conducted in RStudio v4.4.0. Adapter sequences and PCR
primers were removed using Cutadapt [35]. Sequence denoising, quality filtering, chimera
removal, and amplicon sequence variant (ASV) inference were subsequently performed
using the Divisive Amplicon Denoising Algorithm 2 (DADA?2) pipeline [36].

The resulting ASV dataset was subjected to taxonomic classification against the UNITE
fungal ITS reference database [37,38]. Because the initial ITS dataset contained both fila-
mentous fungi and yeast-associated taxa, subsequent taxonomic filtering was performed
in RStudio to retain only yeast-related ASVs for downstream ecological analyses. Com-
prehensive taxonomic annotation of retained yeast ASVs is presented in Supplementary
Table S3.

Sequence processing was implemented within the QIIME2 environment. Downstream
microbiome analyses and data visualization were conducted in RStudio v4.4.0 using the
phyloseq, vegan, ggplot2, and dplyr packages [39].

2.6. Diversity Analyses
2.6.1. Alpha Diversity

Within-sample yeast diversity was evaluated using multiple alpha diversity metrics,
including Observed ASVs, Shannon diversity index, and Simpson diversity index [40].
Prior to analysis, sequence abundance data were normalized to minimize biases arising
from uneven sequencing depth across samples.

Differences in alpha diversity among mangrove sites were statistically assessed using
one-way analysis of variance (ANOVA), followed by Tukey’s Honestly Significant Differ-
ence (HSD) test to identify pairwise differences between sampling locations. Statistical
assumptions of normality and variance homogeneity were evaluated prior to analysis [41].

2.6.2. Beta Diversity

Beta diversity metrics, including Bray—Curtis dissimilarity and Jaccard distance matri-
ces, were employed to quantify inter-sample variation in yeast community composition [42].
Bray-Curtis dissimilarity was used to emphasize abundance-weighted differences in dom-
inant taxa, whereas Jaccard distance was used to evaluate presence-absence turnover,
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including rare or site-restricted taxa. Principal Coordinate Analysis (PcoA) was applied
to visualize site-specific dissimilarities, with distinct ordination plots generated for each
matrix to compare abundance-weighted and occurrence-based community patterns.

Permutational multivariate analysis of variance (PERMANOVA) was conducted to test
for significant compositional differences across sites, while permutation-based multivariate
dispersion analysis (PERMIDISP) confirmed homogeneity of group dispersions, validating
PERMANOVA assumptions. The dual-matrix approach ensured a robust assessment of
beta diversity patterns.

2.6.3. Relative Abundance Analysis

Relative abundance analysis was performed to evaluate the compositional distribution
of dominant yeast taxa across mangrove ecosystems [43]. Taxonomic abundance profiles of
yeasts were calculated at the genus level and visualized as stacked bar plots to compare
community composition among sampling sites.

2.6.4. Shared Taxa Analysis

Shared and unique yeast taxa among mangrove sites were evaluated to identify
common and habitat-specific community members. Taxa overlap was visualized using
Venn diagrams/UpSet plots based on presence-absence data.

2.7. Community Structure and Environmental Association
2.7.1. Redundancy Analysis (RDA)

Before conducting ordination analyses, the yeast ASV abundance matrix was subjected
to Hellinger transformation to mitigate the effects of dominant taxa and enhance the
compatibility of sequencing-derived compositional data with linear multivariate methods.
Environmental variables were z-score standardized before RDA to place predictors measured
in different units and on different scales on comparable scales. Redundancy Analysis was
then applied to examine associations between standardized environmental variables (pH,
temperature, salinity, total dissolved solids, Pb, and Cu) and yeast community composition
across mangrove ecosystems [44]. The significance of the overall model and individual
predictor variables was evaluated using permutation tests (999 permutations). When no
predictor was statistically significant, the RDA biplot was interpreted only as an exploratory
visualization and not as evidence of environmental control.

2.7.2. Variation Partitioning Analysis (VPA)

Variation Partitioning Analysis (VPA) was conducted to estimate the relative contri-
butions of two predefined environmental groups to variation in the yeast microbiome:
sediment properties (pH, temperature, salinity, and TDS) and trace element concentra-
tions (Pb and Cu). VPA fractions were expressed as percentages of adjusted R%. Because
VPA is complementary to constrained ordination, and because the corresponding RDA
permutation tests were not significant, the results were interpreted descriptively rather
than inferentially.

2.8. Ecological Network Analysis

Co-occurrence network analysis was performed to elucidate putative interactions
among yeast taxa in mangrove sediment communities. Prior to network construction, yeast
community data were summarized at the genus level and converted to relative abundances
to mitigate biases from uneven sequencing depths and improve cross-sample comparability.
Low-abundance and low-prevalence taxa were filtered out to reduce spurious correlations
and enhance network stability.
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Pairwise correlations with Spearman’s correlation coefficient values of rho |p| > 0.35
and false discovery rate (FDR)-adjusted p < 0.25 were retained for network construction.
Networks were constructed by retaining only robust, statistically significant correlations.
Positive correlations were interpreted as potential co-occurrence patterns, whereas negative
correlations were interpreted as indicative of niche differentiation or ecological exclusion.

Topological attributes of the networks, encompassing node degree, clustering coeffi-
cient, modularity, density, and betweenness centrality, were computed to quantify structural
complexity and interconnectivity. Highly connected taxa were identified by their elevated
topological significance. Network construction and analysis were performed in RStudio
v4.4.0 using the igraph, Hmisc, and ggraph packages, with visualizations produced via
ggraph and refined to maximize interpretative clarity.

3. Results
3.1. Environmental Gradients Across Mangrove Sediments

Environmental measurements were used to define physicochemical gradients for sub-
sequent yeast community analyses rather than as a primary outcome for site comparisons.
Summary statistics for pH, temperature, salinity, total dissolved solids (TDS), Pb, Cd, and
Cu were presented in Supplementary Table S1.

The main gradients retained for ecological interpretation were salinity, TDS, Pb, and
Cu, because these variables varied among sites and were biologically relevant to sediment-
associated yeasts. Tegal showed comparatively higher pH and temperature, Jepara
showed elevated salinity and TDS, and Jepara and Semarang showed higher Pb concentra-
tions. These patterns provide environmental context for interpreting yeast diversity and
community composition.

Cu concentrations also varied among mangrove ecosystems, with higher values in
Jepara and Brebes, whereas Cd showed minimal variation across all sampling locations
and was therefore less informative for multivariate interpretation.

The standardized environmental heatmap illustrates these gradients across mangrove
sampling sites (Figure 1). The figure was retained to provide environmental context for
downstream analyses of yeast diversity, ordination, and variation partitioning.

E
pH

1

0
Temperature

-1
I -2
Salinity

TDS

Pb

Brebes Tegal Demak Jepara Semarang

Figure 1. Environmental parameter profiles across mangrove sediment ecosystems.
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Cd was omitted from the heatmap visualization because its concentration variation
across sampling sites was minimal after data standardization, thereby limiting its discrim-
inatory power for site clustering. Consequently, inclusion of Cd did not substantially
improve the depiction of environmental heterogeneity among mangrove sediments.

Detailed distributions of individual environmental variables across sampling repli-
cates are provided in Supplementary Figure S2. Collectively, these measurements define
the environmental gradients tested against yeast community variation, but they are in-
terpreted cautiously because downstream permutation tests did not identify significant
environmental predictors.

3.2. Sequencing Overview and Yeast Community Composition

High-throughput ITS metabarcoding yielded sufficient sequencing depth across all
mangrove sediment samples for downstream ecological analyses. Sequencing depth sum-
maries were shown in Supplementary Table S2, while detailed processing statistics and
filtered yeast ASV summaries are presented in Supplementary Table S3. Complete tax-
onomic annotation of all retained yeast-associated ASVs is provided in Supplementary
Table S4.

Taxonomic profiling revealed that mangrove sediment yeast communities were
strongly dominated by the genus Malassezia across all sampling locations (Figure 2). The
relative abundance of Malassezia exceeded 70% in several sites, particularly in Brebes and
Jepara, indicating broad ecological dominance of this genus within mangrove sediment
ecosystems. In contrast, Tegal and Semarang exhibited lower Malassezia abundance and a
greater representation of secondary yeast taxa.

100

75

. Cystobasidium

. Malasseziaceae_gen_Incertae_sedis

. Naganishia

B candida

[ starmerella

. Meyerozyma

. Wickerhamomyces

. Bandonia

B Ssterigmatomyces

. Kluyveromyces

. Quambalaria

. Kurtzmaniella

. Unclassified_Genus
Others

I
I
L
Genus
. Malassezia
. . Rhodotorula

50

Mean relative abundance (%)

25

Brebes Demak Jepara Tegal Semarang

Mangrove site

Figure 2. Relative abundance profiles of dominant yeast genera across mangrove ecosystems.

Distinct site-specific community compositions were observed among mangrove ecosys-
tems. Tegal sediments showed a substantial increase in Rhodotorula and Candida, whereas
Semarang was characterized by a higher relative abundance of Cystobasidium, Wicker-
hamomyces, and Malasseziaceae_gen_Incertae_sedis. Demak sediments exhibited an elevated
abundance of Naganishia, whereas Jepara communities remained strongly dominated by
Malassezia, with relatively limited contributions from secondary taxa. Several additional
genera, including Meyerozyma, Starmerella, Bandonia, and Kluyveromyces, were detected
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at lower relative abundance levels across multiple sites, indicating moderate taxonomic
heterogeneity among mangrove ecosystems.

At broader taxonomic levels, yeast communities were consistently dominated by
the class Malasseziomycetes across all mangrove sediments (Supplementary Figure S3).
However, Tegal and Semarang showed higher proportions of Saccharomycetes, Microbotry-
omycetes, and Cystobasidiomycetes, suggesting greater taxonomic diversification than in
other locations. Similar compositional patterns were observed at the order level, where
Malasseziales represented the predominant taxonomic group across sites (Supplementary
Figure S4). Nevertheless, elevated contributions of Saccharomycetales, Sporidiobolales,
and Cystobasidiales were observed in Tegal and Semarang sediments.

Family-level taxonomic composition further demonstrated substantial spatial variation
among mangrove ecosystems (Supplementary Figure S5). Malasseziaceae was identified
as the dominant family across all locations, whereas increased abundances of Sporidiobo-
laceae, Cystobasidiaceae, and Saccharomycetaceae were detected in sediments from Tegal
and Semarang. Demak sediments additionally showed relatively higher representation of
Filobasidiaceae, indicating localized taxonomic differentiation among mangrove habitats.

Overall, these findings demonstrate that mangrove sediment ecosystems harbor dis-
tinct yeast community compositions, characterized by strong dominance of Malassezia-
associated taxa, alongside spatial variation in secondary yeast assemblages across environ-
mentally heterogeneous mangrove sites.

3.3. Shared and Unique Yeast Taxa

Comparative analysis of yeast taxa distribution revealed both substantial ecological
overlap and site-specific community differentiation among mangrove sediment ecosystems
(Figure 3). A total of 18 yeast taxa were shared across all sampling locations, indicating a
common core yeast community broadly distributed throughout mangrove sediments. These
shared taxa likely represent environmentally tolerant yeast groups capable of adapting to
fluctuating estuarine conditions characteristic of mangrove ecosystems.

17
15-
O- il
5> I
0-

Intersection size

Demak [ ]
Semarang [ ] I
Jepara [ ]
Brebes® @ I
Tegal [ ] I
60 40 20 0
Set size Shared taxa

Figure 3. UpSet plot showing shared and unique yeast genera across mangrove ecosystems. The plot
is based on genus-level presence—absence data and shows both shared and site-specific genera.
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Despite the presence of a common core community, considerable variation in unique
taxa composition was observed among sites. Brebes exhibited the highest number of unique
yeast taxa (17 taxa), followed by Demak (16 taxa), Semarang (15 taxa), Jepara (14 taxa),
and Tegal (10 taxa) (Figure 3). These findings indicate pronounced habitat specificity and
suggest that local environmental conditions may contribute to the spatial differentiation of
yeast assemblages across mangrove sediments.

Additionally, intermediate patterns of taxa sharing were identified among subsets of
mangrove ecosystems. Specifically, four taxa were shared across Brebes, Demak, Jepara,
and Tegal, whereas other combinations occurred among smaller site groups, signifying
moderate ecological connectivity among geographically disparate mangrove habitats. The
configuration of shared taxonomic assemblages further illustrates that yeast community
composition across sites was not uniformly homogeneous, but rather encompassed both
cosmopolitan and habitat-constrained taxa.

The Venn diagram analysis corroborated the UpSet visualization by illustrating com-
plex patterns of overlap among mangrove ecosystems (Supplementary Figure 56). Although
a central group of shared taxa was consistently detected across all sites, each mangrove
ecosystem also contained distinct site-specific taxa that contributed to local community
uniqueness. Brebes and Demak displayed relatively high proportions of exclusive taxa,
whereas Tegal exhibited comparatively lower site-specific richness.

Presence—absence analysis of dominant yeast taxa further confirmed spatial het-
erogeneity in community composition across mangrove ecosystems (Supplementary
Table S5). Several dominant genera were consistently detected across all sampling sites,
while others exhibited restricted occurrence patterns associated with particular mangrove
sediments. These distribution patterns suggest that environmental heterogeneity and local
habitat conditions may contribute to the ecological structuring and spatial turnover of yeast
communities within tropical mangrove ecosystems.

Overall, the observed coexistence of shared core taxa and site-specific yeast assem-
blages indicates that mangrove sediment ecosystems harbor both ecologically widespread
and environmentally specialized yeast communities, reflecting complex diversity dynamics
across heterogeneous coastal habitats.

3.4. Alpha Diversity Dynamics

Alpha diversity analyses showed descriptive variation in yeast community diversity
among mangrove sediment ecosystems (Figure 4). Diversity patterns differed across
observed ASVs richness, Shannon diversity, and Simpson diversity indices, indicating
spatial tendencies in taxa richness and community evenness among sampling sites.

Observed ASV richness was higher in sediments from Brebes, Demak, Jepara, and
Semarang, whereas Tegal exhibited comparatively lower richness (Figure 4). These patterns
indicate possible within-community differences in taxa accumulation, but they should
be interpreted as descriptive trends because statistical tests did not detect significant
site-level differences.

Shannon and Simpson diversity indices showed similar descriptive tendencies.
Demak and Semarang exhibited relatively higher values, suggesting greater commu-
nity heterogeneity and evenness, whereas Tegal recorded lower values. However,
these differences were not statistically significant and therefore do not support strong
site-level inference.

Rarefaction analysis indicated that sequencing depth was generally sufficient to cap-
ture most of the yeast diversity across mangrove sediments (Supplementary Figure S7).
Most rarefaction curves approached asymptotic patterns as sequencing depth increased,
suggesting adequate sampling coverage and supporting the reliability of downstream eco-
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logical analyses. Although sequencing depth varied among sites, the observed saturation
trends indicate that differences in diversity patterns were unlikely to be strongly influenced
by insufficient sequencing effort.

Observed ASVs Shannon index Simpson index
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Figure 4. Alpha diversity indices of yeast communities across mangrove ecosystems. Observed ASVs
are presented as counts, not thousands. In each boxplot, the box indicates the interquartile range;
the central horizontal line indicates the median; the vertical whiskers indicate the data range within
1.5 times the interquartile range; and black diamond symbols indicate the mean. Group differences
were evaluated using one-way ANOVA, with results presented in Supplementary Table Sé6.

Statistical analysis using one-way ANOVA did not detect significant differences among
mangrove ecosystems for observed ASVs (p = 0.671), Shannon index (p = 0.357), or Simp-
son index (p = 0.421). The ANOVA results and post hoc Tukey HSD comparisons were
relocated to Supplementary Table S6. Therefore, alpha diversity patterns are interpreted as
descriptive tendencies rather than statistically supported differences among sites.

Overall, alpha diversity analyses indicate descriptive heterogeneity in yeast richness,
diversity, and evenness across mangrove sediment ecosystems, but the available replicate-
level data did not provide statistical support for significant differences in alpha diversity
amonyg sites (Supplementary Table S7).

3.5. Beta Diversity and Community Structure

Beta diversity analyses revealed substantial variation in yeast community composition
among mangrove sediment ecosystems, indicating pronounced spatial turnover in com-
munity structure across sampling sites. Principal Coordinates Analysis (PCoA) based on
Bray—Curtis dissimilarities showed clear separation among several mangrove ecosystems,
particularly along the first ordination axis, which accounted for 28.2% of the variation
(Figure 5). The second axis represented an additional 15.2% of variation, collectively
indicating moderate compositional differentiation among yeast assemblages.
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Figure 5. Principal Coordinates Analysis (PCoA) based on Bray—Curtis dissimilarity.

Distinct clustering tendencies were observed among several sites. Samples from Jepara
and Tegal tended to separate from those of Brebes and Demak along the primary ordination
axis, whereas Semarang communities displayed comparatively broader dispersion across
ordination space. These patterns suggest differences in relative abundance structure among
mangrove sediment yeast communities.

PCoA based on Jaccard dissimilarity produced broadly similar clustering patterns,
although with slightly reduced variance explanation compared with Bray—Curtis ordina-
tion (Figure 6). The first and second axes explained 23.9% and 11.6% of the total variation,
respectively. Presence—absence-based ordination demonstrated that several sites shared
comparable taxon composition, while others exhibited distinct occurrence patterns as-
sociated with habitat-specific taxon distributions. Tegal and Semarang samples showed
relatively greater separation from the remaining mangrove ecosystems, suggesting elevated
community turnover and taxon replacement among these locations.
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Figure 6. Principal Coordinates Analysis (PCoA) based on Jaccard dissimilarity.
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Confidence ellipse visualization further illustrated differences in community disper-
sion among mangrove sites (Supplementary Figure S8). The Brebes, Demak, and Jepara
communities exhibited relatively compact clustering patterns, indicating within-site com-
positional variability. In contrast, Tegal and Semarang showed broader spatial dispersion
within ordination space, suggesting higher heterogeneity in yeast community structure
among replicate samples.

Multivariate statistical analyses provided a cautious interpretation of the ordination
patterns (Table 1). PERMANOVA detected no statistically significant compositional dif-
ferences among mangrove sites for either Bray—Curtis (p = 0.3446) or Jaccard (p = 0.4075)
dissimilarity matrices. PERMDISP results were also non-significant, indicating homoge-
neous multivariate dispersion among groups. Therefore, the PCoA patterns are interpreted
as visual tendencies rather than statistically supported site separation.

Table 1. Multivariate statistical analyses of yeast community structure.

Analysis Distance Metric R? Pseudo-F p-Value Interpretation

PERMANOVA Bray—Curtis 0.2979 1.0608 0.3446 Not significant
PERMDISP Bray—Curtis — 0.9242 0.4903 Homogeneous dispersion

PERMANOVA Jaccard 0.2895 1.0185 0.4075 Not significant
PERMDISP Jaccard — 0.9689 0.4672 Homogeneous dispersion

PERMANOVA and PERMDISP were performed using 9999 permutations. PERMDISP evaluates homogeneity of
multivariate dispersion among groups.

Overall, beta diversity analyses showed visual patterns of compositional turnover and
abundance-structure variation among mangrove sediments. However, the non-significant
PERMANOVA results indicate that these patterns should be interpreted descriptively and
not as statistically confirmed community separation among sites.

3.6. Environmental Drivers of Yeast Community Structure

Environmental association analyses were used to test whether measured physico-
chemical variables significantly explained variation in yeast communities across mangrove
sediment ecosystems. Redundancy Analysis was retained as an exploratory ordination
because permutation tests indicated that neither the overall model nor individual environ-
mental variables were statistically significant (Figure 7; Table 2).

Table 2. Permutation test results for redundancy analysis (RDA).

Test/Variable Df Variance Explained Variation (%) F-Value p-Value
Overall RDA model 6 0.1985 37.65 0.805 0.807
pH 1 0.0373 7.07 0.908 0.526
Temperature 1 0.0181 3.43 0.440 0.892
Salinity 1 0.0183 3.46 0.444 0.876
TDS 1 0.0378 7.17 0.920 0.497
Pb 1 0.0553 10.49 1.347 0.213
Cu 1 0.0317 6.02 0.772 0.635

Residual 8 0.3287 62.35 — —

The first two RDA axes explained 42.6% and 22.1% of the constrained variation,
respectively. These percentages describe the ordination geometry of the constrained space,
not statistically significant environmental effects. Therefore, the directions of vectors
for salinity, TDS, pH, temperature, Pb, and Cu are interpreted only as a preliminary
visual pattern.
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Figure 7. Exploratory redundancy analysis (RDA) of yeast community structure and measured
environmental variables. The overall model and individual predictors were not statistically sig-
nificant; therefore, the biplot is shown only to visualize non-inferential gradients and should not
be interpreted as evidence of significant environmental control. Arrows indicate environmental
vectors representing the direction of association between measured environmental factors and yeast

community distribution.

Visual tendencies in the RDA plot suggested that some samples aligned with salinity,
TDS, Pb, or Cu gradients, but these tendencies were not supported by permutation tests.
Consequently, no measured environmental variable was identified as a significant driver of
yeast community composition in this dataset.

Permutation tests confirmed that the measured variables did not significantly explain yeast
community composition (Table 2). The RDA results, therefore, support a cautious interpretation
centered on limited explanatory power rather than significant environmental control.

Exploratory correlation analysis between dominant yeast genera and environmen-
tal variables revealed genus-specific tendencies across mangrove ecosystems (Supple-
mentary Figure S9). Because the RDA model was not significant, these correlations
are interpreted as hypothesis-generating patterns rather than confirmatory evidence of
environmental control.

Several genera showed associations with physicochemical gradients associated with
nutrient and salinity conditions. Malasseziaceae_gen_Incertae_sedis and Naganishia were
positively correlated with TDS, whereas Candida and Starmerella exhibited moderate positive
correlations with pH and temperature. However, many dominant genera showed relatively
weak to moderate correlations across multiple variables, suggesting that yeast microbiome
dynamics may be influenced by a combination of interacting environmental factors rather
than a single dominant driver. Environmental variables with zero variance across samples,
such as Cd, were excluded from the correlation heatmap because Spearman correlation
coefficients cannot be computed for constant variables.

Overall, the environmental analyses did not identify statistically significant physic-
ochemical drivers of yeast community composition. Salinity, TDS, Pb, and Cu remain
ecologically relevant gradients for future testing, but the present dataset supports only
cautious, exploratory interpretation.
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3.7. Partitioning of Environmental Contributions to Yeast Community Variation

Variation Partitioning Analysis (VPA) was re-analyzed in RStudio to describe the
relative contribution of sediment properties and trace element concentrations to varia-
tion in yeast communities across mangrove sediment ecosystems (Figure 8). The revised
visualization reports adjusted R? percentages for the sediment-property, shared, trace-
element, and unexplained fractions. Because the corresponding RDA model was not signif-
icant, the VPA results are interpreted only descriptively and not as evidence of significant
environmental effects.

Variation Partitioning Analysis of Yeast Community
Contribution of sediment properties and trace element concentrations (Pb and Cu); Cd not included

Total adjusted explained = —-9.11% (model not significant)

[a] [e]

Sediment Trace element

properties concentrations
-9.27% -1.14%

[d] Residual / unpartitioned variation dominates

Factor groups I:J Sediment properties l:‘ Trace element concentrations

Values indicate adjusted
Negative adjusted R* values indicate negligible explanatory contribu

ions. Significance of pure fractions was tested using 999 permutations.
tion and are not interpreted as negative ecological effects; residual variation is therefore described qualitatively.

Figure 8. Variation Partitioning Analysis (VPA) of environmental contributions to yeast community
structure. Sediment properties include pH, temperature, salinity, and TDS, whereas trace element
concentrations include Pb and Cu. Values represent adjusted R? percentages for the sediment-
property fraction, shared fraction, trace-element concentration fraction, and unexplained fraction.
Negative adjusted R? values indicate negligible explanatory power or fractions not distinguishable
from zero. Because RDA permutation tests were not significant, the figure is interpreted descriptively
rather than as evidence of significant environmental control.

The revised VPA indicated that the sediment-property fraction was —9.27%, the shared
fraction was 1.30%, and the trace-element concentration fraction was —1.14%, yielding a
total explained fraction of —9.11%. These negative adjusted R? values indicate that, after
accounting for model complexity, the measured environmental groups did not provide
meaningful explanatory power for variation in the yeast community.

Instead, the VPA results indicate that the measured environmental groups provided
negligible explanatory power for yeast community variation after adjustment for model
complexity. This pattern suggests that yeast community organization may be influenced
by factors not captured in the present model, including unmeasured sediment properties,
organic matter quality, oxygen and redox gradients, hydrological exchange, dispersal pro-
cesses, biotic interactions, or methodological features of total DNA-based metabarcoding.

Overall, the analyzed VPA strengthened the same conclusion as the RDA: the mea-
sured variables did not explain meaningful variation in the yeast community and therefore
should not be interpreted as significant environmental drivers.
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3.8. Ecological Network Structure

Ecological co-occurrence network analysis revealed complex interaction patterns
among dominant yeast genera within mangrove sediment ecosystems (Figure 9). The net-
work structure consisted of multiple interconnected modules characterized predominantly
by positive associations, suggesting potential ecological coexistence, shared environmental
preferences, or cooperative interactions among yeast taxa.

Spearman network: [rho| = 0.35, FDR-adjusted p = 0.25

Rhodosporidioboluso @

Papiliotrema
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Sterig(g\atomyces Bandonia®
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Figure 9. High-resolution ecological co-occurrence network of dominant yeast genera across man-
grove sediment ecosystems. Nodes represent yeast genera, edges represent significant Spearman
correlations after FDR correction, edge color indicates positive or negative associations, and node
color indicates network module membership.

The resulting network exhibited moderate modular organization with distinct ecologi-
cal clusters distributed across several interaction modules (Table 3). Module 2 represented
the largest and most interconnected subnetwork, primarily composed of Yamadazyma,
Schwanniomyces, Buckleyzyma, Phyllozyma, Kwoniella, and Violaceomyces. These genera dis-
played dense positive associations with one another, forming a tightly connected interaction
cluster indicative of potential ecological coordination within mangrove sediments.

Additional modules showed comparatively smaller but ecologically distinct interac-
tion structures. Module 3 included Erythrobasidium, Sakaguchia, Vishniacozyma, Moesziomyces,
and Quambalaria, whereas Module 1 was primarily represented by Bandonia and Kurtz-
maniella. Module 4 formed a separate cluster consisting of Rhodosporidiobolus and Papil-
iotrema. In contrast, Module 5 contained Rhodotorula, Sterigmatomyces, and unclassified taxa
exhibiting comparatively fewer but distinct ecological interactions.

Most detected associations within the network were positive, whereas only a limited
number of negative correlations were observed (Figure 9). Negative interactions were
mainly associated with Sterigmatomyces and unclassified taxa, suggesting potential niche
differentiation patterns among specific yeast groups. The predominance of positive associa-
tions across the network indicates that coexistence and shared habitat adaptation may play
important roles in structuring mangrove-associated yeast communities.

https://doi.org/10.3390 /applmicrobiol6070080


https://doi.org/10.3390/applmicrobiol6070080

Appl. Microbiol. 2026, 6, 80 16 of 25
Table 3. Global topological properties of the yeast ecological network.
Network Topology Metric Value Definition/Ecological Meaning
Number of nodes 19 Total number of yeast genera retained in
the co-occurrence network.
Total number of significant associations
Number of edges 33
among yeast genera.
e Number of positive
Positive edges 32 L
co-occurrence associations.
. £ i
Negative edges 1 Numb.er of negative
co-exclusion associations.
Network density 0.193 Proportion of observed associations

relative to all possible associations.
Average degree 3.474 Mean number of connections per node.
Average shortest-path distance among

Average path length NA connected nodes.
Diameter NA Longest shortest-path distance within
the network.
Global clustering Overall tendency of connected genera to
.. 0.750 .
coefficient form clustered triplets.
Strength of community /module
Modularity (Louvain) 0.429 structure detected using the

Louvain algorithm.

Module-specific visualization further demonstrated differences in interaction density
and network cohesion among ecological clusters (Supplementary Figure S10). The central
interaction cluster comprising Symmetrospora, Schwanniomyces, Buckleyzyma, and Phyllozyma
exhibited comparatively high connectivity and strong positive associations, suggesting po-
tential importance for maintaining network stability and ecological integration. Peripheral
modules exhibited lower connectivity and reduced interaction density, indicating more
specialized or weakly connected ecological relationships.

Topological analysis identified several taxa with elevated node connectivity and
centrality values, suggesting potential keystone-like ecological roles within mangrove yeast
communities (Supplementary Table S8). Symmetrospora occupied a central bridging position
linking multiple modules and exhibited relatively high degree and betweenness centrality
values, indicating potential importance in maintaining network connectivity. Similarly,
Schwanniomyces, Buckleyzyma, and Phyllozyma exhibited high node connectivity and strong
interaction density, suggesting their contributions to overall network organization and
community cohesion.

Overall, ecological network analysis demonstrated that modular, predominantly posi-
tive interaction networks structure mangrove sediment yeast communities. The presence
of highly connected taxa and distinct ecological modules further suggests that specific
yeast genera may contribute to network connectivity and ecological organization within
heterogeneous mangrove sediment ecosystems.

4. Discussion
4.1. Mangrove Sediments as Selective Reservoirs of Yeast Microbiomes

Mangrove sediments from the northern coast of Central Java supported structured
yeast assemblages dominated by Malassezia and related Malasseziomycetes lineages.
This pattern indicates that lipid-utilizing, stress-tolerant, and marine-associated yeasts
may represent an important recurrent component of the tropical mangrove sediment
mycobiome [45-47]. However, dominance should be interpreted cautiously because to-
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tal DNA-based ITS metabarcoding can detect active, dormant, and relic DNA signals,
particularly in sediment matrices [32].

The dominance of Malassezia and related Malasseziomycetes in mangrove sediments
may reflect their ability to persist under saline, organic-rich, and periodically disturbed
sediment conditions [46]. Mangrove sediments contain heterogeneous carbon sources
derived from litter decomposition, root exudates, tidal inputs, and anthropogenic organic
residues [1,5,6]. These substrates may favor yeast groups with lipid utilization, oxidative
metabolism, and stress-tolerance traits. Recent evidence also indicates that Malassezia can be
detected in environmental sequencing datasets, including coastal and sediment-associated
habitats, although its ecological status should be interpreted with caution, as some signals
may reflect external biological inputs or DNA persistence in sediments. Therefore, the high
relative abundance of Malassezia-associated taxa in this study should be interpreted as a
dominant taxonomic signal in the sediment yeast dataset rather than direct evidence of
active ecological function [46,47].

This finding also strengthens the need to separate yeast-associated ASVs from broader
fungal metabarcoding datasets. Mangrove sediment fungal communities contain mixed
ecological forms, including filamentous fungi, yeast-like fungi, and ambiguously annotated
taxa [8,48]. Without careful taxonomic curation, yeast-specific patterns may be obscured
by dominant non-yeast fungal groups or by marker-related biases in ITS metabarcoding.
The filtering approach used in this study allowed the analysis to focus on yeast community
structure while remaining cautious about taxonomic resolution and functional inference
from amplicon data [45,49]. This is important because yeast ecology in mangrove sediments
remains less explored than bacterial, archaeal, or total fungal diversity, and a yeast-focused
workflow can provide a clearer baseline for future culture-dependent, functional, and
genome-informed studies [47].

4.2. Predominance of Basidiomycetous Yeasts and Functional Implications

A key outcome of this study is the predominance of basidiomycetous yeasts over
ascomycetous yeasts in several mangrove sediments. This pattern is ecologically rele-
vant because many basidiomycetous yeasts are primarily oxidative and often associated
with complex carbon sources, lipid-rich substrates, and stress-prone aquatic or saline
habitats [13,16,47]. In contrast, many ascomycetous yeasts include stronger fermenta-
tive representatives, such as Candida, Meyerozyma, Wickerhamomyces, Yamadazyma, and
Schwanniomyces, which may respond to simpler organic substrates and localized nutrient
pulses [15,17,18,47].

This basidiomycete-skewed composition has functional implications for mangrove
sediments. Oxidative basidiomycetous yeasts may contribute to the transformation of
organic matter through extracellular enzymes, pigment production, lipid metabolism, and
tolerance to salinity or trace-metal stress. These traits may help explain why genera such as
Rhodotorula, Cystobasidium, Buckleyzyma, Phyllozyma, Kwoniella, and Symmetrospora appeared
as important components of the community and network structure [15,16,47,50].

4.3. Shared and Site-Specific Taxa Indicate Partial Microbiome Connectivity

The coexistence of shared and site-specific yeast genera suggests partial connectivity
among mangrove ecosystems. Shared genera may reflect dispersal through tidal water
movement and sediment exchange, whereas site-specific genera may reflect localized filter-
ing by salinity, organic matter, oxygen availability, sediment chemistry, or anthropogenic
inputs [51,52]. This core-satellite pattern supports a regional yeast microbiome that is
connected but not homogenized [53].
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The relatively high number of site-specific yeast taxa in Brebes, Demak, and Semarang
suggests that local sediment conditions may generate microhabitat-level selectivity within
each mangrove ecosystem [54]. Such site specificity may be related to differences in organic
substrate availability, sediment texture, oxygen limitation, salinity fluctuation, redox status,
and anthropogenic inputs. These conditions can create small-scale ecological niches that
favor particular yeast lineages while limiting others [23,29,52,53]. Therefore, the site-
specific taxa observed in this study may represent locally adapted yeast assemblages rather
than random taxonomic variation. This interpretation is consistent with the concept that
mangrove microbiomes are shaped not only by regional connectivity but also by fine-scale
environmental heterogeneity within sediment habitats [54].

The coexistence of shared and site-restricted yeast taxa also has implications for
interpreting yeast beta diversity in mangrove sediments. A shared core community may
provide basic ecological continuity across sites, whereas restricted taxa may contribute
to local functional differentiation and community turnover [53,55]. However, because
this study used DNA-based metabarcoding, the ecological status of these taxa cannot
be fully resolved. Some taxa may represent active populations, while others may reflect
dormant cells, transient propagules, or extracellular DNA preserved in sediments [32].
Future studies that combine culture-dependent isolation, RNA-based profiling, enzyme
assays, and expanded sediment chemistry measurements are needed to determine whether
site-specific taxa are active ecological specialists with distinct functional roles in mangrove
sediment processes [53,56,57].

4.4. Alpha Diversity Patterns Require Cautious Interpretation

Alpha diversity patterns are now interpreted as descriptive tendencies rather than
statistically confirmed site-level differences. Brebes, Demak, Jepara, and Semarang showed
descriptively higher observed ASVs than Tegal, but ANOVA did not detect significant
differences for observed ASVs, Shannon index, or Simpson index [40]. Therefore, the results
suggest possible heterogeneity in richness and evenness, but they do not support strong
inference about ecological stability or disturbance based on alpha diversity alone [42].

Rarefaction curves approached asymptotic patterns, indicating that sequencing depth
was generally adequate for downstream analyses [58,59]. Nevertheless, future studies
should increase the number of replicates and combine diversity metrics with functional
assays to test whether higher yeast richness is associated with broader metabolic capacity
or greater ecosystem resilience [40].

The absence of statistically significant differences in alpha diversity does not neces-
sarily indicate ecological uniformity among mangrove sediments. Instead, it suggests that
the observed variation in richness and evenness was not strong enough to be statistically
resolved under the current sampling design [40,42]. In sediment microbiome studies, alpha-
diversity metrics are sensitive to sequencing depth, replicate number, spatial heterogeneity,
and the community’s dominance structure. Therefore, the descriptive tendency toward
higher richness in some sites should be interpreted as a preliminary signal that requires
stronger replication and complementary ecological measurements before being linked to
disturbance, stability, or ecosystem function [59].

4.5. Beta Diversity and Environmental Associations Were Mainly Exploratory

PCoA patterns suggested visual community turnover among sites, but PERMANOVA
did not detect significant differences for Bray—Curtis or Jaccard distances. Bray—Curtis was
retained because it captures abundance-weighted shifts in dominant taxa, whereas Jaccard
was retained because it captures presence-absence turnover, including rare or site-restricted
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taxa [60,61]. Together, these metrics provide complementary but non-confirmatory views
of community structure.

The RDA and VPA results also require cautious interpretation. Although salinity,
TDS, Pb, and Cu were ecologically relevant candidate gradients, neither the overall RDA
model nor any individual predictor was significant. The VPA results indicate that the
measured environmental groups explained negligible variation in the yeast community
after adjustment for model complexity [62-64]. This pattern suggests that yeast community
organization may be influenced by factors not captured in the present model, including
unmeasured sediment properties, organic matter quality, oxygen and redox gradients,
hydrological exchange, dispersal processes, biotic interactions, or methodological features
of total DNA-based metabarcoding [65-67].

The contrast between visible ordination patterns and non-significant PERMANOVA
results highlights the importance of separating graphical structure from statistical sup-
port. Bray—Curtis and Jaccard ordinations remain useful because they reveal different
dimensions of community turnover, namely abundance-weighted compositional shifts and
presence-absence replacement, but neither metric provided sufficient evidence for statis-
tically confirmed site separation in this dataset [51,61,63]. Similarly, the non-significant
RDA and VPA results suggest that salinity, TDS, Pb, and Cu should be treated as can-
didate gradients rather than confirmed drivers. These findings support a conservative
interpretation in which environmental associations are considered hypothesis-generating
and require broader temporal sampling, additional sediment chemistry variables, and
higher replication to test more robustly [28,29,63,64].

4.6. Unexplained Variation Reflects Ecological and Methodological Complexity

The large unexplained fraction may reflect unmeasured sediment organic matter
quality, sulfide concentration, porewater chemistry, redox gradients, microscale oxygen
heterogeneity, hydrological exchange, dispersal limitation, ecological drift, and species
interactions [21,67,68]. It may also reflect the composite nature of sediment DNA. Total
DNA-based metabarcoding can include DNA from active, dormant, dead, or extracel-
lular sources, potentially weakening correlations between contemporary environmental
measurements and active yeast populations [32,69].

Future work should integrate DNA and RNA-based profiling, viability-sensitive
approaches such as PMA treatment, culture-dependent functional screening, enzyme
assays, and expanded environmental measurements [56,57]. These approaches would
help distinguish active yeast responses from dormant or relic DNA signals and would
clarify the functional roles of basidiomycetous and ascomycetous yeasts in mangrove
sediments [70,71].

The large unexplained component should therefore be viewed not only as a statis-
tical residual, but also as an indication that yeast community organization in mangrove
sediments may operate across spatial and temporal scales not captured by the measured
variables [68,69]. Mangrove sediments are highly heterogeneous microhabitats where tidal
fluctuation, oxygen depletion, organic matter decomposition, and redox transitions can
vary over short distances and time intervals [49]. Such microscale variability may decou-
ple single-time environmental measurements from DNA-based community profiles. In
addition, biotic interactions, priority effects, dispersal history, and stochastic assembly may
independently contribute to community patterns, regardless of the measured sediment
properties [21,67,68]. Because total DNA may include active, dormant, dead, and extracel-
lular fractions, future studies should distinguish viable and active yeast populations from
preserved DNA signals to clarify whether the detected taxa are responding to contemporary
environmental gradients [32,69,72].
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4.7. Network Organization Suggests Modular Yeast Associations

The co-occurrence network showed predominantly positive and modular associa-
tions. Such patterns may indicate shared habitat preferences, niche overlap, or potential
metabolic complementarity, but they should not be interpreted as direct biological in-
teractions without experimental validation [70]. The presence of highly connected taxa,
including Symmetrospora, Schwanniomyces, Buckleyzyma, and Yamadazyma, suggests possible
topological importance within the sediment yeast network [73].

The modular structure of the yeast network provides an additional perspective on
community organization beyond taxonomic composition and diversity indices. Modules
may represent groups of taxa that share similar habitat preferences, respond to compara-
ble sediment conditions, or possess complementary ecological strategies, although these
possibilities cannot be confirmed from correlation-based networks alone [74,75]. The occur-
rence of highly connected taxa within several modules is useful for identifying candidate
taxa for future functional validation, particularly basidiomycetous yeasts with oxidative
metabolism, stress tolerance, and potential extracellular enzyme activity [49,76]. Thus, the
network analysis should be interpreted as a tool for prioritizing hypotheses about yeast
community organization rather than as direct evidence of species interactions or keystone
function [73,75].

5. Conclusions

This study provides a yeast-focused characterization of mangrove sediment mi-
crobiomes from the northern coast of Central Java, Indonesia, using ITS metabarcod-
ing, curated yeast ASV filtering, diversity analysis, environmental association testing,
variation partitioning, and ecological network inference. The results showed that man-
grove sediments harbor distinct yeast assemblages dominated by Malassezia and related
Malasseziomycetes lineages, together with spatial variation in subordinate taxa and the
coexistence of shared and site-specific yeast genera.

Alpha- and beta-diversity analyses revealed descriptive patterns of richness, evenness,
and community turnover among mangrove sediments, but these patterns were not statisti-
cally confirmed by ANOVA or PERMANOVA. Environmental analyses further showed
that salinity, TDS, Pb, and Cu were ecologically relevant candidate gradients, but RDA and
VPA did not identify significant environmental drivers. These findings emphasize that
measured sediment properties and trace element concentrations alone were insufficient to
explain variation in the yeast community, which may also reflect unmeasured microhabitat
conditions, biotic interactions, dispersal processes, stochastic assembly, and methodological
features of total DNA-based metabarcoding.

The co-occurrence network revealed predominantly positive and modular associations,
with several highly connected taxa, including Symmetrospora, Schwanniomyces, Buckleyzyma,
and Yamadazyma, suggesting potential roles in yeast community connectivity. The main
novelty of this study lies in integrating yeast-specific metabarcoding curation, cautious
environmental interpretation, variation partitioning, and network analysis to provide a
baseline framework for understanding the yeast microbiomes of mangrove sediments. This
framework supports future studies combining DNA- and RNA-based profiling, culture-
dependent isolation, enzyme assays, and genome-informed analyses to clarify the active
ecological and functional roles of yeasts in mangrove sediment ecosystems.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /applmicrobiol6070080/s1, Figure S1: Sampling site map and
geographic coordinates of mangrove ecosystems in Central Java, Indonesia; Figure S2: Individual
environmental parameter distributions across mangrove sites; Figure S3: Relative abundance of yeast
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communities at the class level; Figure S4: Relative abundance of yeast communities at the order level;
Figure S5: Relative abundance of yeast communities at the family level; Figure S6: Venn diagram of
shared and unique yeast taxa across mangrove sediment ecosystems; Figure S7: Rarefaction curves
for sequencing depth validation; Figure S8: Confidence ellipse visualization of Bray—Curtis PCoA
ordination; Figure S9: Correlation heatmap between dominant yeast genera and environmental
variables; Figure S10: Module-specific clustering and interaction patterns within the yeast ecological
network; Table S1: Environmental parameter measurements and summary statistics across mangrove
sediment samples; Table S2: Summary statistics of ITS sequencing depth across mangrove sediment
samples; Table S3: ITS sequencing output and filtered yeast ASV summary; Table S4: Complete
taxonomic annotation of yeast-associated ASVs; Table S5: Presence—absence matrix of dominant yeast
taxa across mangrove ecosystems; Table S6: One-way ANOVA and Tukey HSD comparisons for
alpha diversity indices; Table S7: Percentage contribution of environmental variable groups to yeast
community variation; Table S8: Topological properties of highly connected yeast taxa in mangrove
sediment networks.
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Abbreviations

The following abbreviations are used in this manuscript:

DNA Deoxyribonucleic Acid

ASV Amplicon Sequence Variant

ITS Internal Transcribed Spacer

QIIME2 Quantitative Insights Into Microbial Ecology 2
DADA2 Divisive Amplicon Denoising Algorithm 2

TDS Total Dissolved Solids

Pb Plumbum, Lead

Cu Cuprum, Copper

Cd Cadmium

PMA Propidium monoazide

ANOVA Analysis of Variance

PERMANOVA  Permutational Multivariate Analysis of Variance
PERMIDISP Permutational Analysis of Multivariate Dispersions
USEPA United States Environmental Protection Agency
APHA American Public Health Association
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RDA Redundancy Analysis
Df Degree of freedom
VPA Variation partitioning analysis
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