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Abstract

Background/Objectives: We evaluated eukaryotic diversity in two cores obtained from
abyssal sediments collected at depths of 4280 m and 4444 m in the equatorial Atlantic,
between the Fernando de Noronha and São Pedro and São Paulo archipelagos, using a DNA
metabarcoding approach applied to environmental DNA (eDNA) samples. Results: In total,
we detected 248,905 DNA reads that were assigned to 65 amplicon sequence variants (ASVs)
in the two core sediments (176,073 DNA reads and 59 ASVs were detected in sediment
obtained at 4280 m depth, and 72,832 DNA reads and 14 ASVs were detected in the core
at 4444 m). These represented three Kingdoms and five phyla: Fungi (Ascomycota and
Basidiomycota), Viridiplantae (Chlorophyta and Streptophyta) and Chromista (Ciliophora),
in rank abundance order. Ascomycota was the dominant phylum, followed by Basidiomycota.
Didymella sp., Cladosporium sp., Scopulariopsis sp., Alternaria eichhorniae, Curvularia sp.,
Hortaea werneckii, Penicillium sp. (Ascomycota) and Malassezia globosa (Basidiomycota) were
the most abundant taxa. Pseudochlorella pyrenoidosa (Chlorophyta) was the most abundant
representative of Viridiplantae detected, and Spirotrachelostyla tani (Ciliophora) was the
only Chromista detected, both present as minor components of the assigned eukaryotic
diversity and only in the 4280 m core. The eukaryotic assemblages displayed moderate
diversity indices, and those from the deeper core (4444 m depth) displayed the highest
diversity values. Few assigned taxa were present in both samples. The two cores differed
in their geological characteristics, consistent with their location in different depositional
basins. The core obtained at 4280 m depth, located further north and more isolated from
the adjacent continent by two fracture zones, appears to receive less terrigenous sediment
input. In contrast, the core obtained at 4444 m depth is under greater continental influence
and receives more terrigenous input from the continent. These geological and geographic
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differences may contribute to the varying eukaryotic eDNA diversities found. Results: Our
metabarcoding study revealed the presence of a sediment eukaryotic community dominated
by fungi. This included assigned ASVs representing groups with different ecological roles,
such as cosmopolitan and phytopathogenic members and extremophiles, some of which
may be able to survive and function in the polyextreme deep-sea abyssal conditions.
Abyssal sediments present a potential habitat for studying organisms at the edge of viable
conditions for life on Earth. eDNA metabarcoding provides a promising technique for
detecting cryptic and uncultured biodiversity compared to traditional approaches, opening
avenues for further ecological, evolutionary and biotechnological studies.

Keywords: Atlantic Ocean; environmental DNA; extremophiles; marine sediment; taxonomy

1. Introduction
The abyssal seafloor is defined as being between 3501 and 6500 m in depth and covers

65–75% of the global ocean floor [1,2]. Despite its scale, the abyssal regions suffer from
major knowledge gaps in terms of their diversity, ecology, biogeography and the evolution
of resident extremophile life forms [3]. The abyssal regions are generally characterized by
low and constant sedimentation rates over large areas [4], providing good potential for
studies addressing the presence of extremophilic life forms.

Sedimentary deposits in deep ocean basins are characteristically hemipelagic—a com-
bination of clay and silt-sized particles originating at the continental margin. Within the
ocean these particles are moved by turbidity currents and biogenic processes (mainly
planktonic organisms). Wind-driven material input settles through the water column [5].
These deposits, in the longer term, interact with bottom currents, which act to rework
and further disperse the sediments—all processes that are, in turn, influenced by climatic
changes and sea level variations [5]. The separation between South America and Africa as
the supercontinent Gondwana broke up started around 130 million years ago [6], and the
structural features generated by this tectonic event are the main factor controlling deep-sea
depositional patterns and water mass circulation in the equatorial Atlantic region [7].

Biodiversity studies in abyssal sediments of the Atlantic Ocean are very limited. Ma-
rine ecosystems, especially those of the abyssal zone, are amongst the most poorly known
in terms of their eukaryotic diversity. The application of traditional morphophysiolog-
ical techniques is likely to severely underestimate the true biodiversity present. In this
study, we consider that abyssal biodiversity may be better characterized by using advanced
methodologies such as environmental DNA (eDNA) approaches, which have demon-
strated the capability to recover DNA from different organisms to assess the potential
complexity of diversity present, ecological roles and biotechnological potential. Here, we
documented eukaryotic diversity as indicated by the sequence assignment of eDNA in
abyssal Atlantic Ocean sediment sampled between the Brazilian Fernando de Noronha and
São Pedro and São Paulo archipelagos using DNA metabarcoding through high-throughput
sequencing (HTS).

2. Materials and Methods
2.1. Core Sampling

This study took place between the archipelagos of Fernando de Noronha and São
Pedro and São Paulo in the equatorial Atlantic Ocean (Figure 1). Two deep-sea sediment
cores were collected in October 2022 using a gravity-corer system operated from the
Brazilian oceanographic vessel NPqHo Vital de Oliveira, at depths of 4280 m (00◦11.357′ S;
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29◦47.033′ W) and 4444 m (02◦26.185′ S; 31◦27.774′ W). The samples were collected using
a 6 m long gravity corer. After the core was retrieved to the vessel, the PVC liner was
extracted from the corer barrel, separated into 1 m length sections and moved to the
ship’s laboratory.

Figure 1. Sites where abyssal sediment cores were obtained in the equatorial Atlantic Ocean. The two
sites (4280 m and 4444 m water depth) are represented by yellow stars and are located between the
Fernando de Noronha and São Pedro and São Paulo archipelagos, which are represented by red dots.
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2.2. Sedimentology and Chronological Analysis of the Cores

Sedimentology and chronology core analyses were conducted to provide a general
geological characteristic panorama from which the eukaryotic eDNA was obtained. After
sampling with the gravity corer, 3.4 m of sediment was recovered from the core obtained
at 4280 m, and 3.73 m of sediment was recovered from the core sampled at 4444 m. The
core sections were split in half along their length to expose the sediment section for physic-
ochemical analyses. First, sedimentological description involved assessing color based
on Munsell’s color chart [8], as well as sediment type and structure [9]. Then, gamma
spectrometry analyses were performed using a Portable Spectrometer RS-125/230 (GeoRE-
SULTS Pty Ltd., Helena Valley, Australia), measuring U (ppm), Th (ppm), K (%) and total
gamma radiation (nGy/h). The total radiation count was obtained by measuring all gamma
radiation within the energy window of 0.41–2.81 MeV [10]. Spectral analysis was conducted
by measuring counts at a 1.46 MeV energy peak for 40K, a 1.76 MeV energy peak for 238U
and a 2.61 MeV energy peak for 232Th. The sensor was positioned in contact with the
sediment, protected by an inert cover, and measurements were made every 30 s for 5 min.
All measurements were averaged to give a final value. Next, the sediment core underwent
X-ray Fluorescence (XRF) analysis to determine its chemical composition. This analysis was
conducted using a portable Thermo Fisher XRF spectrograph (Bannockburn, Chicago, IL,
USA), which measures the secondary X-rays emitted from a sample being irradiated from
a primary X-ray source, as each chemical element present produces a distinct fluorescent
X-ray spectrum [11]. Gamma and XRF measurements were made at 10 cm intervals along
the whole core.

The chronology of the studied cores was defined using six radiocarbon dates based on
planktonic foraminifera (Trilobatus sacculifer). The construction of the complete age–depth
model [12] was performed using the package Bacon v. 2.2, which applies Bayesian statistics
to reconstruct accumulation histories for sedimentary deposits within the R software
version 4.5.1 [13]. The 14C contents were analyzed using Accelerator Mass Spectrometry
(AMS) at the Laboratory of Tree-Ring Research and AMS at the University of Arizona
(USA). All samples were normalized to a δ 13C value of −25‰ VPDB and calibrated using
the Marine20 calibration curve on CALIB 8.2 software [14]. All results were displayed as
calibrated years before present (cal. year B.P.).

2.3. Selection of Sediment Core Material for Environmental DNA Analysis

From the two sediment cores, specific sections were selected for environmental DNA
(eDNA) extraction based on their observed characteristics. In the core sampled at a depth
of 4280 m, the section between 73 and 75 cm was chosen based on its compact, slightly silty
clay (Figure 2). For the core collected at a depth of 4444 m, the section between 106 and
108 cm was selected due to the presence of clay with very fine to fine sand, with sand
decreasing towards the top. Both sections of 2 cm length (approximately 20 g sediment)
were obtained using a sterilized scoop from the core center, placed in sterile Whirl-pack
(Nasco, Ft. Atkinson, WI, USA) bags and frozen at −20 ◦C until processing in the laboratory
at the Federal University of Minas Gerais, Brazil. There, the samples were gradually thawed
in sterile conditions at 4 ◦C for 24 h before carrying out eDNA extraction.

2.4. DNA Sampling, Extraction and Sequencing

Three subsamples of 500 mg of each selected sediment core were obtained under strict
contamination control conditions (in a laminar flow hood) and processed, to increase the
DNA yield. The total DNA of each subsample was extracted using the FastDNA Spin Kit
for Soil (MPBIO, Solon, OH, USA), following the manufacturer’s instructions. DNA quality
was analyzed using agarose gel electrophoresis (1% agarose in 1 × Trisborate-EDTA) and
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then quantified using the Quanti-iT ™ Pico Green dsDNA Assay (Invitrogen, Carlsbad,
CA, USA). Negative controls (only the reagents of the FastDNA Spin kit for soil) did not
indicate any detectable DNA. We used the internal transcribed spacer 2 (ITS2) region of
the nuclear ribosomal DNA as a barcode, which was amplified with the ITS3F and ITS4R
primer set (fragments were ~400 bp long). This molecular marker is widely applied to
identify a diverse range of eukaryote organisms, particularly fungi and plants [15,16];
however, ITS2 can also detect a proportion of animal, protozoan and chromist groups [17]
and has proved effective in recent studies of marine sediment diversity using environmental
samples [18]. Library construction and DNA amplification were performed using the library
kit Herculase II Fusion DNA Polymerase Nextera XT Index Kit V2 (Illumina, San Diego,
CA, USA), following the Illumina 16S Metagenomic Sequencing Library Preparation Part
#15,044,223 Rev. B protocol. Paired-end sequencing (2 × 300 bp) was performed on a MiSeq
System (Illumina) by Macrogen Inc. (Seoul, Republic of Korea). The libraries obtained from
the three subsamples of each sequenced sediment core were merged for bioinformatic analysis.

(a) 

Figure 2. Cont.
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(b) 

Figure 2. Sedimentological and geochemical analyses of cores from (a) sedimentology and geochem-
istry of core from 4280 m water depth. (b) Sedimentology and geochemistry of core from 4444 m
water depth. Ages expressed in years calibrated before present; grain size: vf = very fine; f = fine;
m = medium; c = coarse; vc = very coarse; gran = granule; pebb = pebble; cbb = cobble; boul = boulder.

2.5. Data Analyses and Taxonomic Assignment

Quality analysis was carried out using BBDuk v. 38.87 in BBmap software (Berkeley,
CA, USA) [19] with the following parameters: Illumina adapters were removed (Illumina
artefacts and the PhiX Control v3 Library); ktrim = l; k = 23; mink = 11; hdist = 1; minlen = 50;
tpe; tbo; qtrim = rl; trimq = 20; ftm = 5; maq = 20. The remaining sequences were im-
ported to QIIME2-amplicon version 2023.9 (https://qiime2.org, accessed on 22 January
2025) for bioinformatics analyses [20]. The qiime2-dada2 plugin was used for filtering,
dereplication, turning paired-end fastq files into merged and removing chimeras, using
default parameters [21]. Taxonomic assignments of ASVs (amplicon sequence variants)
were determined using the qiime2-feature-classifier [22] classify-sklearn against different
databases, using a sequence similarity threshold of 97%. First, ASVs were classified against
the PLANiTS2 database [23]. After this step, ASVs that remained unclassified were filtered
and classify-sklearn-classified against the UNITE Eukaryotes ITS database version 8.3 [24].
Finally, remaining unclassified ASVs were filtered and aligned against the filtered NCBI
non-redundant nucleotide sequences (nt) database (May 2024) using BLASTn [25] with
default parameters; the nt database was filtered using the following keywords: “ITS1”,

https://qiime2.org
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“ITS2”, “Internal transcribed spacer” and “internal transcribed spacer”. Taxonomic assign-
ments were performed using MEGAN6 [26]. For simplicity, we henceforth refer to the
assigned ASVs as “taxa”. For comparative purposes, we consider DNA reads as a proxy
for relative abundance [27]. Taxonomic profiles were plotted using the Krona (Salt Lake
City, UT, USA) [28].

2.6. Eukaryotic Diversity

The number of DNA reads and relative abundances of the ASVs (taxon/species) were
used to quantify the assigned eukaryotic taxa present in the samples. For comparative
purposes, DNA reads were standardized according to library size and used as a proxy
for relative abundance. ASVs with a relative abundance > 1% were considered dominant,
and those with a relative abundance <1% were considered minor (rare) components of the
fungal community [29]. The relative abundances were used to quantify taxon diversity,
richness and dominance, using the following indices: (i) Fisher’s α, (ii) Margalef’s and
(iii) Simpson’s, respectively. Species accumulation curves were obtained using the Mao
Tao index. All results were obtained with 95% confidence, and bootstrap values were
calculated from 1000 replicates using the PAST computer program 1.90 [30]. Venn dia-
grams were prepared following [31] to visualize the fungal assemblages present in the two
sampling sites.

3. Results
3.1. Sedimentological and Chronological Analysis of the Cores

The northernmost core obtained at 4280 m depth, 3.4 m in length, was characterized
by light grayish silty clay, with millimeter-scale layers of very fine to fine sand from the
base of the core up to 135 cm [position relative to the top of the core (seafloor)]. The interval
135–138 cm showed the presence of a dark gray silty clay, suggesting a higher content of
organic matter, intercalated by centimeter-scale layers of a brownish sandy mud. The low
Fe/Ca ratio at this depth point indicates a time of high productivity (Figure 2), which is
corroborated by the grayish shades of the sediment, usually related to high CaCO3 contents.
The low Th/U ratio indicates a low input of terrigenous material. The sample obtained
in this study at 73–75 cm depth for eDNA extraction generated a radiocarbon date of
23,691 ± 43.7 year BP, in the transition between MIS 1 and MIS 2, corresponding to the rapid
warming phase after the end of the last glacial period, and to the Holocene/Pleistocene
boundary. The peak in the Fe/Ca and Fe/K ratios at this point in the core indicates a
warm and wet period, with intense weathering indicated by the peak in the Fe/K profile.
There was also a small peak in the Th/U profile, consistent with a relatively higher input of
sediment (related to the increase in the rainfall in this period). Thorium is associated with
continental input, while uranium is associated with marine input. Therefore, a high Th/U
ratio suggests more continental input, which occurs when river discharge is higher due to
increased rainfall. The change in the color of the sediment corroborates the abrupt change
in the sedimentation pattern.

The core obtained from 4444 m depth, 3.73 m in length, showed a sequence of essen-
tially brownish silty clay, with marked shade transitions at 213 cm and 147 cm [position
relative to the top of the core (seafloor)]. The characteristically different colors of the sed-
iments of the two cores are consistent with them being located in separate sedimentary
basins, with different sediment sources and oceanographic conditions. The sample obtained
from this core at 106–108 cm for eDNA extraction) was dated to 74,810 ± 117.2 year BP,
which corresponds to MIS 5 (most likely 5a) in a warmer period of the last Pleistocene
interglacial with high stand sea levels [32].
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3.2. Eukaryotic Taxonomy

A total of 248,905 paired-end DNA reads were generated and assigned to 65 ASVs.
Of these, 176,073 DNA reads and 59 ASVs were detected in sediment obtained at 4280 m
depth, while 72,832 DNA reads and 14 ASVs were detected in the core at 4444 m. These
were distributed among 34 species, 21 genera, 4 families, 1 class, 4 orders, 5 phyla and
3 kingdoms. These included representatives of three Kingdoms and five phyla: Fungi
(Ascomycota and Basidiomycota), Viridiplantae (Chlorophyta and Streptophyta) and Chromista
(Ciliophora) (Scheme 1; Table 1). Ascomycota was the dominant phylum assigned in both
core sediments, followed by Basidiomycota. Didymella sp., Cladosporium sp., Scopulariopsis
sp., Alternaria eichhorniae, Curvularia sp., Hortaea werneckii, Penicillium sp. (Ascomycota) and
Malassezia globosa (Basidiomycota) were the most abundant taxa (relative abundance ≥ 1%,
in total 12.31% of assigned ASVs); however, these taxa varied in abundance between the
two sediment cores (Table 1). In addition, 57 (87.69%) eukaryotic ASVs were rare compo-
nents of the assigned community. Pseudochlorella pyrenoidosa (Chlorophyta, Viridiplantae)
and Spirotrachelostyla tani (Chromista, Ciliophora) were detected as minor components of
the eukaryotic community in the sediment obtained at 4280 m depth. Some sequences
could only be assigned at higher taxonomic levels (family, order or division).

 
(a) 

Scheme 1. Cont.



DNA 2025, 5, 45 9 of 17

(b) 

Scheme 1. Krona charts showing the abundances of different eukaryotic taxonomic levels detected
in abyssal sediment samples obtained between the Fernando de Noronha and the São Pedro and
São Paulo archipelagos in the equatorial Atlantic Ocean. (a) community abundance detected in
4280 m depth core and (b) community abundance detected in 4444 m depth core.

Table 1. Assigned eukaryotic amplicon sequence variants detected in abyssal sediment samples.
Dominant taxa with relative abundance > 1% are shown in green.

Database Kingdom Phylum Amplicon Sequence Variant
Core Depth and Relative Abundance (%)

4280 4444
Unite Fungi Ascomycota Didymella sp. 0.0000 25.1674

Cladosporium sp. 4.6853 19.8931
Scopulariopsis sp. 14.8085 0.0000

Alternaria eichhorniae 7.9806 5.2631
Curvularia sp. 0.0000 9.7575

Hortaea werneckii 0.0000 2.5857
Penicillium sp. 0.7895 1.3387

Starmerella apicola 0.0000 0.6914
Penicillium atrovenetum 0.0599 0.5548

Arxiella terrestris 0.0000 0.5231
Aspergillus versicolor 0.1081 0.2210

Cryomyces funiculosus 0.0000 0.2121
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Table 1. Cont.

Database Kingdom Phylum Amplicon Sequence Variant
Core Depth and Relative Abundance (%)

4280 4444

Pseudogymnoascus pannorum 0.0000 0.2109
Chaetothyriales sp. 0.0000 0.1860
Colletotrichum sp. 0.1008 0.0165

Acremonium charticola 0.1109 0.0000
Pichia terricola 0.0775 0.0000
Fusarium sp. 0.0731 0.0000

Trapeliopsis sp. 0.0000 0.0635
Chaetothyriales sp. 0.0000 0.0579

Agyriales sp. 0.0000 0.0362
Catenulostroma sp. 0.0000 0.0297
Sugiyamaella sp. 0.0000 0.0297
Candida albicans 0.0000 0.0293

Dothideomycetes sp. 0.0000 0.0273
Aspergillus sp. 0.0000 0.0233
Physciaceae sp. 0.0000 0.0221

Phaeosphaeria sp. 0.0000 0.0177
Acarospora sp. 0.0000 0.0169

Elasticomyces elasticus 0.0000 0.0149
Buellia sp. 0.0000 0.0129

Capnodiales sp. 0.0000 0.0129
Phylliscum sp. 0.0000 0.0117

Paraphaeosphaeria sp. 0.0000 0.0112
Debaryomyces sp. 0.0000 0.0104

Candida orthopsilosis 0.0000 0.0088
Exophiala cancerae 0.0000 0.0080

Starmerella etchellsii 0.0000 0.0076
Lachancea thermotolerans 0.0000 0.0052

Lecanora sp. 0.0000 0.0048
Diaporthaceae sp. 0.0000 0.0028

Basidiomycota Malassezia globosa 0.1149 1.5403
Rhodotorula mucilaginosa 0.0000 0.9144

Cutaneotrichosporon
debeurmannianum 0.0000 0.4962

Malassezia restricta 0.1611 0.0378
Papiliotrema terrestris 0.1245 0.0000

Radulomyces sp. 0.0663 0.0000
Naganishia diffluens 0.0000 0.0558

Exidiaceae sp. 0.0000 0.0333
Malassezia arunalokei 0.0000 0.0325

Malasseziaceae sp. 0.0000 0.0145
Phenoliferia psychrophenolica 0.0000 0.0129

Gjaerumia minor 0.0000 0.0117
Robbauera albescens 0.0000 0.0096

Chromista Ciliophora Spirotrachelostyla tani 0.0000 0.0072

GenBank Fungi Ascomycota Rhizocarpon sp. 0.0000 0.0088
Fungal sp. 0.0000 0.0679

PlanITS Viridiplantae Chlorophyta Pseudochlorella pyrenoidosa 0.0000 0.2828
Bracteacoccus bullatus 0.0000 0.0325
Stichococcus mirabilis 0.0000 0.0233

Diplosphaera sp. 0.0000 0.0217
Trebouxia flava 0.0000 0.0108

Streptophyta Laportea aestuans 0.0000 0.0229
Tortula mucronifolia 0.0000 0.0100

Oxyria digyna 0.0000 0.0056



DNA 2025, 5, 45 11 of 17

The number of DNA reads of the two eukaryotic eDNA assemblages differed between
the two core samples. In the 4280 m depth core, a total of 72,832 DNA reads were obtained,
comprising exclusively fungi. Scopulariopsis sp., A. eichhorniae, Cladosporium sp. and Penicil-
lium sp. were the dominant taxa. The 4444 m depth core generated a higher number of DNA
reads (176,073) and was also dominated by fungi but with low quantities of Viridiplantae
and Chromista taxa also present. In this core, the fungal taxa Didymella sp., Cladosporium
sp., Curvularia sp., A. eichhorniae, H. werneckii, M. globosa and Penicillium sp. dominated
the assemblage.

3.3. Eukaryotic Diversity and Distribution

The Mao Tao rarefaction curves reach asymptote for the eukaryotic assemblages from
the two sites, indicating that the sequencing was deep enough to capture all amplicons in
the eDNA library (Figure 3). The eukaryotic assemblages ranged in their diversity indices
(Table 2). The sample obtained from the 4280 m depth core displayed lower numbers of
ASVs and taxa assigned and the lowest values of diversity (Fisher’s α), richness (Margalef)
and dominance (Simpson) indices; in contrast, the sample obtained from the 4444 m
depth core displayed the highest number of ASVs, taxa assigned and indices. Among
the 65 eukaryotic ASVs assigned, only A. eichhorniae, Cladosporium sp., Penicillium sp., M.
globosa (dominant fungi) and A. versicolor, Colletotrichum sp., P. atrovenetum and M. restricta
(rare taxa) were shared between the two cores (Figure 4).

Figure 3. Rarefaction curves (Mao Tao index) for eukaryotic assemblages detected from each of the
abyssal sediment samples. (a) Rarefaction curve for the assemblage in the core from 4280 m water
depth. (b) Rarefaction curve for the assemblage in the core from 4444 m water depth. Blue lines
represent 95% confidence interval.

Table 2. Eukaryotic amplicon sequence variant (ASV) diversity indices detected in the abyssal
sediment samples obtained from cores at 4280 m and 4444 m water depth.

Diversity Indices
Core Water Depth (m)

4280 4444

Number of fungal ASVs 14 59
Number of DNA reads 72,832 176,073

Fisher’s α 1.30 5.71
Margalef 1.16 4.80
Simpson 0.64 0.77
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Figure 4. Venn diagram of eukaryotic assemblages detected from each of the two abyssal sediment
cores obtained in the equatorial Atlantic Ocean. The taxa labelled in red represent dominant fungi.

4. Discussion
4.1. Eukaryotic Taxonomy and Diversity

Our study used metabarcoding to detect the eukaryotic community richness and
diversity present, as indicated by eDNA sequence assignments, in two selected sections of
deep-sea sediment cores sampled in the equatorial Atlantic Ocean between the Fernando de
Noronha and São Pedro and São Paulo archipelagos. These assigned communities included
65 representatives of, primarily, Fungi, with a small number of Viridiplantae and Chromista
obtained from one of the two cores. Fungal ASVs were assigned to the widespread and
common phyla Ascomycota and Basidiomycota, which have previously been reported to be
common in deep-sea extreme environments [17,18]. The majority of investigations into
deep-sea benthic microbial microbiota focus on bacteria, archaea and protists; in contrast,
only few reports of pelagic fungi are available [33]. Fungi have been reported in eDNA
studies of deep-sea sediments from different oceans, including the China Sea and the Pacific,
Southern and Atlantic Oceans [18]. Ref. [17] considered that fungi can act as important
decomposers in deep-sea sediments, which can have a range of carbon availability and can
play a crucial role in the regulation of micro- and macro-organism populations; this may
explain their dominance amongst the assigned ASVs in the deep-sea sediments studied
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here. As a result, the detection of a wide range of fungal ASVs may be consistent with them
having an active presence and important functional role in these deep-sea communities.

Amongst the dominant taxa assigned, representatives of Cladosporium sp., A. eichhor-
niae, Curvularia sp. and Penicillium sp. are known to be ubiquitous. The species H. werneckii,
while known globally, is an extremophile yeast commonly present specifically in hyper-
saline habitats [34]. Didymella sp. was the most abundant eDNA assignment but was
present only in the core obtained at 4280 m water depth. This genus includes cosmopoli-
tan species present in various environments, with representatives being plant pathogens
affecting a wide range of hosts [35]. The genera Cladosporium, Penicillium, Alternaria and
Curvularia also include cosmopolitan taxa with worldwide distributions, including species
present in and capable of surviving in extreme environments [36–40]. Cladosporium includes
species present in different extreme environments around the world [38], including those
characterized by high salinity stress [39]. Ref. [38] considered that Cladosporium is one
of the largest genera of hyphomycetes distributed globally and reported representatives
present at high densities in deep waters in the Southern Ocean. Penicillium species are
also commonly isolated from different marine environments, including deep-sea sedi-
ments [18], and are considered to play important ecological roles as decomposers in marine
ecosystems [38]. Penicillium species have been reported as dominant in fungal assemblages
present in Antarctic marine sediments [37]. Ref. [41] recently reported Cladosporium sp. and
Penicillium sp. as dominant ASVs present in ornithogenically-influenced soils of the São
Pedro and São Paulo archipelago, consistent with their presence in the surrounding deep
marine sediments.

The genus Alternaria genus includes a range of saprophytic, endophytic and pathogenic
taxa, many with wide natural distributions [42]. As they typically produce very small
airborne spores, some members of the genus can be dispersed across long distances glob-
ally [42]. An Alternaria sp. was isolated from deep-sea sediment samples from the South
China Sea collected at 3927 m depth, displaying potential pharmaceutical value [43]. Al-
ternaria eichhorniae was first reported to cause leaf blight in the water hyacinth, Eichhornia
crassipes, an aquatic plant native to South America and widely invasive in warmer regions
of the world [44]. Ref. [45] reported the compounds bostrycin and 4-deoxybostrycin as
non-specific phytotoxins produced by A. eichhorniae responsible for the observed phy-
topathogenicity against E. crassipes.

The genus Curvularia includes approximately 213 species [46], with some reported
from marine environments. Ref. [47] recovered Curvularia sp. from seawater and from
sediment, the latter also displaying the ability to produce bioactive compounds. The genus
Scopulariopsis (teleomorph Microascus) includes dematiaceous molds, which are saprophytes
commonly present in soil, plant debris and air [48]. Some representatives of this genus
are known to be opportunistic pathogens, mainly causing superficial tissue infections, and
they represent some of the principal causes of nondermatophytic onychomycoses [49].

Hortaea werneckii (Capnodiales) is a melanized yeast able to grow in saturated NaCl
solutions and considered an obligate extremophilic fungus present in some of the most
extreme conditions on the planet [50,51]. Recently, ref. [41] reported the eDNA of H. wer-
neckii as the one of the most abundant fungi present in the ornithogenically-influenced soils
of the São Pedro and São Paulo archipelago. Malassezia is a diverse genus with 18 known
species reported to inhabit human skin and guts, hospital environments and even deep-sea
sponges [52]. Different Malassezia species have been reported in high relative abundance
in Antarctic soils in metabarcoding studies, suggesting a potential to colonize extreme
environments [53].

Although only detected in low abundance, our data revealed the presence of
ASVs representing Chlorophyta (Viridiplantae; Pseudochlorella pyrenoidosa) and Ciliophora
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(Chromista; Spirotrachelostyla tani). Pseudochlorella pyrenoidosa (syn. Chlorellopsis pyrenoidosa)
is a green alga, recognized as sensitive to pollutants in the aquatic environment and, for
this reason, used as a model organism in ecotoxicity assays [54]. The only Chromista found
was the ciliate, S. tani, noted as a commensal on Farres’s scallop (Chlamys farrei), a mollusc
commonly found in Asia [55]. Additionally, the few ASV assignments to plants included
two flowering plants, Oxyria digyna (Polygonaceae, known as mountain sorrel), which is
a common circumboreal species, and Laportea aestuans (=Urtica aestuans), native to Africa
but now a widespread introduced species [56]. The single bryophyte assigned, Tortula
mucronifolia, is a common and widespread member of Pottiaceae distributed in North and
Central America. The green algae assigned are mostly common freshwater species that can
easily be transported in the air column (see [18]). While it is plausible that these taxa or
close relatives, or their DNA, might be carried to the deep ocean floor by sedimentation,
their DNA being assigned in this study does not confirm the presence of viable or active
organisms, as it can have multiple sources (either contemporary or originally preserved
since deposition) [57].

4.2. Possible Relationships Between the Eukaryotic Diversity Detected and Core Sedimentology
and Chronology

The two sediment cores examined here were characterized by different sedimentation
rates and geological features. These differences may reflect different paleoclimatic events,
although this interpretation is limited by the small dataset: only two cores from relatively
distant locations and a single small sample taken from one specific depth and estimated
age in each core. Moreover, while the cores provided evidence about past climate processes,
the communities identified here likely represent only the surface-associated diversity.
These limitations result from the constraints of gravity coring and subsequent sample
processing. The assigned eukaryotic assemblages from these two cores exhibited different
diversity indices, with that obtained from the core at 4444 m depth displaying the highest
indices. The core obtained at 4280 m depth was characterized by higher productivity,
organic matter content and sediment input; however, its assigned eukaryotic diversity was
considerably lower.

In the core sampled at 4444 m depth, the Fe/Ca ratio was much lower near the base
of the core, indicating that the Antarctic Bottom Water had retreated at the end of the
glacial period, allowing the CaCO3 to remain on the seafloor. The uppermost sample in
this core, positioned at 36–38 cm, was dated from 38,574 year cal BP. This corresponds to
the MIS 3 period [58], equivalent to the position of 176–180 cm from the core at 4280 m
depth. These different positions from samples of approximately the same age also indicate
that the sediment accumulation rate at the 4444 m depth site is much lower than the site at
4280 m depth.

The two cores differed in their color and geochemistry, supporting that they are located
in different depositional basins, including different source areas for the sediments and
differing deposition processes. The cores obtained at 4280 m depth are located to the north,
further from the adjacent continent and more isolated by two fracture zones. Therefore,
they appear to receive less terrigenous sediment input. In contrast, the core obtained at
4444 m depth is under greater continental influence and received more terrigenous input
from the continent. These geological differences may contribute to the different eukaryotic
eDNA diversities found.

5. Conclusions
The use of a metabarcoding approach here revealed the presence of notable eukaryotic

communities in the two abyssal sediments sampled, dominated by fungi. The assigned
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communities included groups with different ecological roles, including cosmopolitan
and phytopathogenic members (Cladosporium, Alternaria, Curvularia, Penicillium) and ex-
tremophiles (Hortaea and Malassezia). Despite metabarcoding not confirming the presence
of viable and active organisms, the fungal diversity identified is plausibly associated with
an active and important decomposer community being present in these abyssal habitats.
Abyssal sediments present an intriguing opportunity for studying organisms living at the
extremes of life on Earth. In addition to metabarcoding, future application of a metagenomic
approach independent of PCR bias could further advance the assessment of biodiversity
present in abyssal environments, opening avenues for further ecological, evolutionary and
biotechnological studies.
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50. Vaupotič, T.; Plemenitaš, A. Differential gene expression and Hog1 interaction with osmoresponsive genes in the extremely

halotolerant black yeast Hortaea werneckii. BMC Genom. 2007, 8, 280. [CrossRef]
51. Gostinčar, C.; Stajich, J.E.; Gunde-Cimerman, N. Extremophilic and extremotolerant fungi. Curr. Biol. 2023, 33, R743–R759.

[CrossRef]
52. Ianiri, G.; LeibundGut-Landmann, S.; Dawson, T.L., Jr. Malassezia: A commensal, pathogen, and mutualist of human and animal

skin. Annu. Rev. Microbiol. 2022, 8, 757–782. [CrossRef] [PubMed]
53. Rosa, L.H.; Da Silva, T.H.; Ogaki, M.B.; Pinto, O.H.B.; Stech, M.; Convey, P.; Carvalho-Silva, M.; Rosa, C.A.; Câmara, P.E.A.S.

DNA metabarcoding uncovers fungal diversity in soils of protected and non-protected areas on Deception Island, Antarctica. Sci.
Rep. 2020, 10, 21986. [CrossRef] [PubMed]

54. Zhao, J.; Cao, X.; Wang, Z.; Dai, Y.; Xing, B. Mechanistic understanding toward the toxicity of graphene-family materials to
freshwater algae. Water Res. 2017, 111, 18–27. [CrossRef]

55. Mayén-Estrada, R.; Dávila, S.; Dias, R.J.P. Ciliate symbionts of bivalves with notes on their worldwide geographic distribution.
Zootaxa 2024, 14, 451–481. [CrossRef]

56. Mabberley, D.J. Mabberley’s Plant-Book: A Portable Dictionary of Plants, Their Classification and Uses, 4th ed.; Cambridge University
Press: Cambridge, UK, 2017.

57. Armbrecht, L.; Weber, M.E.; Raymo, M.E.; Peck, V.L.; Williams, T.; Warnock, J.; Kato, Y.; Hernández-Almeida, I.; Hoem, F.; Reilly,
B.; et al. Ancient marine sediment DNA reveals diatom transition in Antarctica. Nat. Commun. 2022, 13, 5787. [CrossRef]

58. Pickering, J.L. Terrace formation in the upper Bengal basin since the Middle Pleistocene: Brahmaputra fan delta construction
during multiple highstands. Basin Res. 2017, 30, 550–567. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s00792-015-0741-6
https://doi.org/10.3114/sim.2010.67.01
https://doi.org/10.1007/s10453-022-09760-9
https://doi.org/10.1007/s42770-025-01698-7
https://doi.org/10.3390/md15030076
https://doi.org/10.1016/S0007-1536(70)80103-6
https://doi.org/10.1128/aem.43.4.846-849.1982
https://www.ncbi.nlm.nih.gov/pubmed/6805431
https://doi.org/10.3389/fmicb.2022.1069095
https://www.ncbi.nlm.nih.gov/pubmed/36569099
https://doi.org/10.1007/s10600-013-0544-x
https://doi.org/10.1111/j.1365-2133.1996.tb03895.x
https://doi.org/10.1186/1471-2164-8-280
https://doi.org/10.1016/j.cub.2023.06.011
https://doi.org/10.1146/annurev-micro-040820-010114
https://www.ncbi.nlm.nih.gov/pubmed/36075093
https://doi.org/10.1038/s41598-020-78934-7
https://www.ncbi.nlm.nih.gov/pubmed/33319803
https://doi.org/10.1016/j.watres.2016.12.037
https://doi.org/10.11646/zootaxa.5448.4.1
https://doi.org/10.1038/s41467-022-33494-4
https://doi.org/10.1111/bre.12236

	Introduction 
	Materials and Methods 
	Core Sampling 
	Sedimentology and Chronological Analysis of the Cores 
	Selection of Sediment Core Material for Environmental DNA Analysis 
	DNA Sampling, Extraction and Sequencing 
	Data Analyses and Taxonomic Assignment 
	Eukaryotic Diversity 

	Results 
	Sedimentological and Chronological Analysis of the Cores 
	Eukaryotic Taxonomy 
	Eukaryotic Diversity and Distribution 

	Discussion 
	Eukaryotic Taxonomy and Diversity 
	Possible Relationships Between the Eukaryotic Diversity Detected and Core Sedimentology and Chronology 

	Conclusions 
	References

