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Deep-sea sediments are vast microbial habitats that cover almost two-thirds of the
planet’s surface. Particularly, sediments in hydrothermal vents and oxygen minimum
zones (OMZ) represent emblematic, and poorly understood extreme niches that pose
strong selective pressures to life, representing untapped reservoirs of a unique microbial
diversity. Nonetheless, the mycobiota in these systems remains relatively unknown.
Here, we explored fungal diversity and community structure in deep-sea sediments
collected from low- and high-temperature vent systems (Pescadero Basin, Pescadero
Transform Fault, and Alarcón Rise) and an OMZ (Alfonso Basin) in the southern
Gulf of California, by using high-throughput Illumina sequencing of the ITS1 region.
We identified 102 fungal amplicon sequence variants (ASVs), principally affiliated to
the Ascomycota and Basidiomycota. Our results also evidenced a high proportion
of widely distributed, uncultured phylotypes (e.g., unknown clades closely related to
the Basidiomycota such as Fungi sp. 18 and 19 formerly reported from deep-sea),
evidencing the copious occurrence of novel fungal lineages with limited distribution
to deep-sea sediments. Overall, the largest number of ASVs was recovered from
high-temperature vent systems, corroborating these as diversity hotspots. In addition,
clustering patterns across samples and the FUNGuild analysis revealed characteristic
assemblages in each ecosystem, which could be linked to site-specific processes. This
study provides baseline data paving the way for a better understanding of deep-sea
fungal diversity, evidencing its potential importance in ecosystem functioning.

Keywords: deep-sea microeukaryotes, extreme environments, ITS metabarcoding, functional diversity, marine
mycodiversity

Frontiers in Marine Science | www.frontiersin.org 1 February 2022 | Volume 9 | Article 802634

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/journals/marine-science#editorial-board
https://www.frontiersin.org/journals/marine-science#editorial-board
https://doi.org/10.3389/fmars.2022.802634
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmars.2022.802634
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2022.802634&domain=pdf&date_stamp=2022-02-17
https://www.frontiersin.org/articles/10.3389/fmars.2022.802634/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-09-802634 February 12, 2022 Time: 16:30 # 2

Velez et al. Fungal Diversity in Deep-Sea

INTRODUCTION

Deep-sea seafloor (below 200 m depth) covers around 95%
of Earth’s surface, representing the largest biome (Danovaro
et al., 2014, 2017). This biome is characterized by the absence
of light (leading to severe organic nutrient limitations), high
hydrostatic pressures, and average temperatures of 4◦C (Gage
and Tyler, 1991). It sustains some of the most extreme and unique
ecosystems on Earth, such as hydrothermal vents and oxygen
minimum zones (OMZs), yet remains as one of the least studied
because of its remoteness and the technological challenges for its
investigation (Ramirez-Llodra and Billett, 2006).

On the one hand, hydrothermal vents are extreme
environments where fluids that are geothermally heated
and enriched in reduced compounds and trace metals exit to
the seafloor reaching temperatures from 330 to 400◦C (Van
Dover, 2014). They host complex biological communities where
primary production is fundamentally driven by sulfur-based
chemosynthesis, as fluids provide free-living and endosymbiotic
bacteria with chemical energy. These fascinating environments
are globally distributed along mid-ocean spreading centers,
back-arc spreading centers, and at some seamounts (Van
Dover et al., 2002; revised in Dick, 2019). On the other
hand, OMZ are steady-state low-oxygen layers at mid-water
depths (Diaz et al., 2013) that are widespread in the northeast
subarctic Pacific, the northern Indian Ocean, and the Eastern
Tropical Pacific (Paulmier and Ruiz-Pino, 2009). They are
formed in areas of high primary production in the surface
waters and poor circulation, where the biological degradation
of the sinking organic matter results in oxygen depletion
(Rogers, 2000; Levin, 2003). The species that live in these
areas have low oxygen tolerance thresholds, morphological
adaptations, specialist rather than opportunistic lifestyles,
and the potential to utilize chemosynthesis-based nutritional
pathways (Levin, 2003). Globally, about 1,150,000 km2 of the
seafloor is exposed to oxygen concentrations <0.7 mg O2/l from
OMZs (Helly and Levin, 2004).

Our knowledge of deep-sea biodiversity only hints at
thousands of undiscovered organisms and their potential benefits
(Barbier et al., 2014). Despite its incipient exploration (Grossart
et al., 2019), in recent years, assorted deep-sea ecosystems
have been recognized as important fungal habitats, including
subseafloor igneous crust (e.g., Ivarsson et al., 2016), seafloor
sediments (e.g., Vargas-Gastélum et al., 2019), hydrothermal
vents (e.g., Burgaud et al., 2009), OMZs (e.g., Orsi and Edgcomb,
2013; Manohar et al., 2014), whale falls (Nagano et al., 2020),
among others. Furthermore, increasing evidence supports fungal
active involvement in marine biogeochemical processes (Stoeck
et al., 2007; Alexander et al., 2009; Stock et al., 2009; Edgcomb
et al., 2011; Manohar et al., 2015; Quemener et al., 2020), yet our
understanding of deep-sea fungal diversity remains in its infancy.

To date, culture-dependent and independent studies hint
at the Ascomycota and Basidiomycota as the most abundant
groups in hydrothermal vents (Burgaud et al., 2009; Xu et al.,
2017, 2018), as well as Chytridiomycota (Le Calvez et al.,
2009). In addition to a fungal lineage formed by environmental
18S rDNA sequences reported exclusively from submarine

and continental hydrothermal systems (López-García et al.,
2007). Similarly, fungal communities in OMZ seem to be
dominated by Basidiomycota, Ascomycota, and early diverging
phyla (Jebaraj et al., 2010; Manohar et al., 2015; Peng and
Valentine, 2021). Nevertheless, our knowledge of deep-sea
fungal diversity in hydrothermal vents and OMZ remains
limited, resulting in a rudimentary understanding of ecosystem
functioning and resilience.

Since their recent discovery, the biological diversity and
ecology of the hydrothermal vents of Pescadero Basin (PB),
Pescadero Transform Fault (PTF), and Alarcón Rise (AR), as
well as the OMZ of Alfonso Basin (AB) has been increasingly
investigated (Goffredi et al., 2017, 2021; Salcedo et al., 2019,
2021; Espinosa-Asuar et al., 2020). Nevertheless, their fungal
diversity remained unknown, hampering the robust view of
ecosystem functioning. In this work, we report the first ITS
rRNA survey of fungal diversity in deep-sea sediments collected
in PB, PTF, AR, and AB, in the southern Gulf of California,
Mexico. Our results evidenced that a diverse and functionally
multifaceted microfungal community inhabits these deep-sea
extreme ecosystems, revealing that the conserved core of fungal
taxa across ecosystems comprised barely 3.9% of the total
community. A lot of work remains to be done in order
to obtain a full picture of fungal diversity in this region,
and to understand compositional differences across ecosystems.
Therefore, major efforts must be directed at further systematic
samplings associated to DNA barcoding and culturing to validate
our observations.

MATERIALS AND METHODS

Sampling Sites
Sediment samples were collected in four localities (PB, PTF,
AR, and AB), distributed along the SW margin of the Gulf
of California and the central portion of the gulf ’s mouth
(Supplementary Figure 1). This semi-enclosed, dynamic basin is
located at the NE Pacific Ocean, between 22◦–32◦N, and 105◦–
107◦W. Detailed information of the biotic and abiotic setting
of the study sites is available in Goffredi et al. (2017); Clague
et al. (2018), Paduan et al. (2018), and Sánchez et al. (2018).
Briefly, the PB is a sedimented basin located at the entrance
of the Gulf of California near 24◦ N. It includes a series of
large carbonate mounds and chimney edifices, where venting
fluids reach up to 290◦C, and contain high concentrations of
hydrocarbons, hydrogen and hydrogen sulfide (Goffredi et al.,
2017). The PTF hosts discrete low-temperature hydrothermal
vents (fluids exiting at 5◦C), with substrate composed of volcanic
rubble and sediment (Clague et al., 2018; Salcedo et al., 2019). The
AR vent system is located at the SW end of the Gulf of California,
and is bounded by the 60 km long Tamayo Transform Fault,
which connects it to the 21◦N segment of the East Pacific Rise
(Paduan et al., 2018). This basalt-hosted system is characterized
by surface lava flows; thick sediments are evident only along
the transform faults (Clague et al., 2018). It hosts black smokers
and chimneys composed of iron, copper, and zinc sulfides. Their
end-member fluids reach a maximum temperature of 360◦C
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and contain high concentrations of hydrogen sulfide and metal-
sulfides (Paduan et al., 2018). Lastly, the AB is located within La
Paz Bay, where the deepwater that enters the basin is drown from
low-oxygen intermediate waters; and below 200 m, the water is
suboxic to anoxic (González-Yajimovich et al., 2005). Sediments
in this system are characterized by terrigenous mud as the main
component (Douglas et al., 2002).

Sample Collection
Seven sediment cores were collected by the articulating
manipulator arm of the remotely operated vehicle Doc Ricketts,
during the expedition Vents and Seeps (2015) by Monterey
Bay Aquarium Research Institute, on the R/V Western Flyer
under the permit numbers SRE: #CTC/01700/15 and SAGARPA:
DGOPA-02919/14 issued by the Mexican government. Onboard,
a subsample from the base of each core was obtained (10-cm
length section by using a sterile PVC cylinder), sealed, and deep-
frozen at −80◦C. The material was collected from accessible,
randomly chosen sites in the following locations: (1) PB, high-
temperature hydrothermal vent fields (three cores); (2) AR, high-
temperature hydrothermal vent fields (one core); (3) PTF, low-
temperature hydrothermal vents (one core), and (4) AB, OMZ
(two cores) (Table 1). The disparity in the number of samples
from each locality depended on the limited exploration time and
the geological settings of every site.

DNA Extraction, Amplification, and
Sequencing
Using the DNeasy PowerMax Soil Kit (Qiagen, Hilden,
Germany), total DNA was extracted from 5 g of each sediment
sample [removing the exterior layer of the core, as described in
Velez et al. (2020)], following the procedures indicated by the
manufacturer. The DNA samples were quantified using Qubit R©

2.0 Fluorometer (Invitrogen, Carlsbad, CA, United States)
and preserved at −20◦C until used. All of the steps that
involved sample handling and extracting nucleic acids were
processed within a laminar flow hood. Illumina MiSeq paired-
end (2 × 300) sequencing was performed by the commercial
service (amplification, library preparation, and sequencing)
provided by the Genomic Services Laboratory (LANGEBIO,
Irapuato, Guanajuato, Mexico), targeting the ITS1 region of
the ribosomal RNA gene cluster by using primers set ITS1-
F (5′-CTTGGTCATTTAGAGGAAGTAA-3′; Gardes and Bruns,
1993) and ITS2 (5′- GCTGCGTTCTTCATCGATGC-3′; White
et al., 1990), yielding to around 25,000 reads per subsample
(data are available at NCBI GenBank under the BioProject
ID PRJNA793088).

Bioinformatics
Raw reads were processed using the fungal ITS-specific workflow
proposed by Callahan et al. (2016) using the package dada2
v1.13.1 in R v4.0.2 (R Core Team, 2020). Briefly, we used
cutadapt v3.2 (Martin, 2011) to detect and remove primer and
adapter contamination from reads. Then, we used the function
filterAndTrim to exclude reads with ambiguous bases (maxN = 0)
and each read was required to have <1 expected errors based on

their quality scores [maxEE = c (1,1), truncQ = 3]. The quality
profiles of filtered reads were inspected using plotQualityProfile
function. Amplicon sequence variants (ASVs) were inferred
using the parametric error model implemented by dada2 for
the forward and reverse reads independently, using the function
learnErrors (Callahan et al., 2016). As recommended by the
authors, the estimated sample-specific error rates were visually
inspected using plotErrors. To assemble paired-end reads, we
used the function mergePairs considering a minimum of 50 pb
of overlap and excluding reads with any mismatch in the
overlapping region. Chimeras were removed using the consensus
method of removeBimeraDenovo. To discard diversity bias due
to differences in the number amplicons per site, we conducted
rarefaction and extrapolation curves with the package iNEXT v
2.0.20 (Hsieh et al., 2020).

The taxonomic assignment was performed using the
DECIPHER v2.16.1 Bioconductor package (Wright, 2016)
against the UNITE_v2020_February2020 database (Abarenkov
et al., 2020) implementing the trained classifier available on
DECIPHER website.1 We used the IdTaxa function with default
settings. To avoid diversity overestimation due to over-split
components, all of the of ASVs with a taxonomic assignment
higher to genus level (for example, Basidiomycota sp.) were
clustered using Cd-Hit (Li and Godzik, 2006) with a threshold
of 97%. Particularly, the ASVs classified as “Fungi spp.” were
verified and further curated using the BLAST tool of NCBI
Genbank non-redundant (nr) database to obtain the top 10 most
similar hits. As a further corroboration we used a phylogenetic
approach (recommended in Lücking et al., 2020) to explore
the taxonomic affinities of our sequences vs. reference material
retrieved from NCBI. So, sequences were aligned with MUSCLE
v3.8.1551 (Edgar, 2004), and a Neighbor-Joining tree was built
using MEGAX (Kumar et al., 2018).

Alpha and Beta Diversity Estimates
To explore the relative abundance and shared taxa among sites,
we created a heat map and intersection plots using the R
packages ggplot2 (Wickham, 2016) and UpSetR (Conway et al.,
2017). We used iNEXT to estimate the rarefied Shannon and
Simpson diversities along with their bootstrap 95% confidence
intervals (1,000 replicates). To evaluate the equitability of the
taxa frequency distribution (also interpreted as dominance),
we estimated the Shannon Evenness using the package vegan
v2.5-6 (Oksanen et al., 2019). We estimated the differences
in taxonomic composition between sampling points through
a Bray-Curtis (Abundance-based), and Sorensen dissimilarity
(presence-absence) matrices. Both dissimilarity matrices were
plotted using the Ward clustering criterion. To represent the
differences among sites communities, we performed a principal
component analysis (PCA) using a Hellinger-transformed
abundance table by using the vegan package.

Functional Guilds
Despite functional categorization provides useful guides to
navigate the complex fungal kingdom, confirming the effect of

1http://www2.decipher.codes/Downloads.html
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TABLE 1 | Sampling stations where sediment cores were collected in the southern Gulf of California, Mexico.

Locality Nomenclature Ecosystem Latitude Longitude Depth (m)

Alarcón Rise AV_1 HT hydrothermal vents 23◦21.17 108◦33.57 2,176

Alfonso Basin ZM_1 Oxygen minimum zone 24◦37.99 110◦36.00 409

Alfonso Basin ZM_2 Oxygen minimum zone 24◦37.99 110◦36.77 409

Pescadero Basin PV_1 HT hydrothermal vents 23◦57.42 108◦51.72 3,680

Pescadero Basin PV_2 HT hydrothermal vents 23◦57.43 108◦51.75 3,680

Pescadero Basin PV_3 HT hydrothermal vents 23◦57.23 108◦51.77 3,654

Pescadero Transform Fault FI_4 LT hydrothermal vents 23◦38.51 108◦23.60 2,383

HT, high temperature; LT, low temperature.

functional diversity on ecosystem processes (Crowther et al.,
2013); the ability to assign trophic strategies to individual
taxonomic units remains a broad challenge in the field of
microbial ecology. Milestone proposals have showed that fungal
functional guilds can be approached based on taxonomic affinity,
introducing FUNGuild, an open annotation tool for parsing
fungal community datasets by ecological guild (Nguyen et al.,
2016). We used this approach (FUNGuild v1.1 database2) to
assign ecological functions (trophic modes) to our ASVs. It
should be noted that unfortunately precise community-wide
conclusions are still unattainable since: (1) many genera contain
more than one trophic strategy; (2) insufficient guild data are
available for several fungal groups (Nilsson et al., 2019); and
(3) the lifestyles of marine fungal taxa remain largely unknown.
Nonetheless, this invaluable information base should pave the
way for further improved work on deep-sea fungi.

RESULTS

Sequence Analysis
Overall we obtained 184,466 reads from the analyzed sediment
samples collected in high-temperature hydrothermal vent fields
in the Pescadero Basin (47,917 reads) and the Alarcón Rise
(32,941 reads), low-temperature hydrothermal vent fields in the
Pescadero Transform Fault (61,106 reads), and OMZ in Alfonso
Basin (42,502 reads) (Supplementary Table 1). After quality
control, a total of 143,244 sequences were used for analysis.
These reads were classified into 940 ASVs out of which 102
represented fungal taxa (65,780 reads). All of the rarefaction
and extrapolation curves of the fungal assemblages in sediment
samples from the different ecosystems reached the asymptote
(Figure 1), indicating that the data provided a good description
of the diversity.

Fungal Taxonomic Diversity
Out of 143,244 reads, 65,780 were taxonomically assigned. In
all the studied sites, the fungal community was dominated by
the Ascomycota, followed by Basidiomycota. Glomeromycota
were present as a negligible proportion of the community
at a single site in the Pescadero Basin (Figure 2A). At the
order level, dominance patterns varied across ecosystems. For

2https://github.com/UMNFuN/FUNGuild

instance in the Alarcón Rise Helotiales dominated the fungal
community, whereas Malasseziales occurred abundantly in the
Pescadero Transform Fault and Pescadero Basin. Sites in the
Alfonso Basin were dominated by Agaricales and Xylariales,
respectively (Figure 2B). Overall, at the species level, Fungi
sp. 4 and 18 represented the dominant ASVs (Figure 3).
These taxa are affiliated to the Pezizomycotina and uncultured
Basidiomycota clades from deep-sea, respectively, and could
potentially represent currently unknown taxa with limited
distribution to deep-sea sediments. Moreover, we detected the
abundant occurrence (n = 21) of ASVs that could only be
taxonomically assigned at the kingdom level as Fungi sp.
These taxa were also corresponded to mostly uncultured fungal
clades (Figure 4).

Fungal Alpha and Beta Diversity Indexes
Based on our limited sampling, we observed a heterogeneous
number of fungal ASVs across ecosystems, with the highest
richness values in the high-temperature vent system of Alarcón
Rise (AV_1); whereas the lowest values corresponded to the
Pescadero Transform Fault (PV_3; Figure 5). Overall, our results
hint that high-temperature vent systems represent the richest
ecosystem for fungi (highest number of ASVs) followed by OMZ,
which should be confirmed in further studies.

Alpha diversity indexes showed variations in and between
ecosystems. For instance, the rarefied Shannon and Simpson
metrics agreed that Pescadero Basin showed both, the highest
diversity in PV_1 and the lowest diversity in PV_2 (Figures 6A,B
and Supplementary Table 1). In addition, the highest evenness
was observed in the Pescadero Transform Fault in PV_3
and Pescadero Basin in PV_1, whereas the lowest values
corresponded to the Pescadero Basin in PV_2, Alfonso Basin in
ZM_1, and the Alarcón Rise in AV_1 (Figure 6C).

Bray-Curtis and Sorensen dissimilarities showed sparse
clustering patters. However, both metrics consistently agreed that
vent systems in the Alarcón Rise differed from Pescadero Basin
(Figure 7). Moreover, the PCA showed sparse clustering patterns
among samples collected in the same deep-sea ecosystem with
AB and AR samples differing the most (Figure 8). Our results
indicated that a large proportion (81.37%) of the ASVs occurred
at a single site, whereas only 2 ASVs were shared among the
seven samples (Figure 9A). At the system level, the Venn diagram
analysis revealed that 3.92% of the ASVs were shared among
low- and high-temperature hydrothermal vents, and the OMZ,
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FIGURE 1 | Rarefaction and extrapolation curves of fungal amplicon sequence variants (ASVs) obtained from deep-sea sediment samples collected in the
Pescadero Basin (PV_1, PV_2, PV_3), Pescadero Transform Fault (FI_4), Alarcón Rise (AV_1), and Alfonso Basin (ZM_1, ZM_2).

FIGURE 2 | Relative abundance of fungal phyla (A), and orders (B) across samples.

while 52.94% of the ASVs were specific to high-temperature vents
(PB and AR), 24.50% to the OMZ (AB), and 6.86 to the low-
temperature vent site (PTF) (Figure 9B). Lastly, no ASVs were
shared between the OMZ and the low-temperature vent site.

Functional Guilds
FUNGuild analysis was performed to predict functions of
fungal communities, accounting for the determination of
16.57% of total reads (pie chart Figure 10). No hits were

obtained for the site PV_3 in the Pescadero Transform Fault.
The analysis revealed characteristic functional guilds in each
ecosystem, with the dominance of undefined saprotrophs
in the Pescadero Basin, endophytes in the Alarcón Rise,
and dung-saprotroph-endophyte-plant pathogen-undefined
saprotrophs in Alfonso Basin. The site AV_1 in the Alarcón
Rise showed the richest functional diversity (including
animal endosymbiont-animal pathogen-endophyte-plant
pathogen-undefined saprotrophs, animal pathogens, dung
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FIGURE 3 | Heatmap (red-white) showing sediment fungal richness and relative abundance at the species level across samples. The color intensity is proportional to
fungal relative abundance, with red indicating higher values.

saprotroph-plant saprotrophs, ectomycorrhizal-fungal
parasite-plant pathogen-wood saprotrophs, endophytes,
plant pathogens, plant pathogen-undefined saprotrophs, plant
pathogen-wood saprotrophs, undefined saprotrophs, and
wood saprotrophs), whereas PV_1 in the Pescadero Basin the
lowest (Figure 10).

DISCUSSION

Even though microorganisms dominate the deep marine
biosphere, most exploration efforts have solely focused in the
investigation of prokaryotes, neglecting a key and copious
eukaryotic component of microbial communities: fungi
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FIGURE 4 | Phylogenetic relationship of deep-sea derived ASVs that were taxonomically assigned at the kingdom level (indicated in red font) with close species
based on ITS1 rRNA sequences using the neighbor-joining algorithm. Bootstrap values > 50% are indicated above the branches.

(Nagano and Nagahama, 2012). The present work represents
the first report addressing this knowledge gap for three deep-
sea extreme ecosystems in the southern Gulf of California:

the Pescadero Basin and the Alarcón Rise (high-temperature
hydrothermal vents), the Pescadero Transform Fault (low-
temperature hydrothermal vents), and the Alfonso Basin (OMZ),
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FIGURE 5 | Number of fungal ASVs registered at the site level.

FIGURE 6 | Alpha diversity metrics of fungal ASVs in sediment samples from deep-sea low- and high-temperature hydrothermal vents, and oxygen minimum zones,
depicting rarefied Shannon (A) and Simpson (B) indexes, and evenness (C).

unveiling a total of 102 fungal ASVs and characteristic diversity
patterns across ecosystems.

Fungal Taxonomic Diversity
Our findings on the dominant occurrence of Ascomycota,
followed by Basidiomycota in all the studied sites, agrees with
a plethora of investigations in hadal trenches (Xu et al., 2019;
Gao et al., 2020), deep-sea sediments (Damare et al., 2006;
Singh et al., 2012; Zhang et al., 2014, 2016), OMZs (Jebaraj

et al., 2010), methane hydrate-bearing deep-sea marine sediments
(Lai et al., 2007), hydrothermal vents (Burgaud et al., 2009; Le
Calvez et al., 2009), and chemosynthetic whale falls (Nagano
et al., 2020). Furthermore, the occurrence of Glomeromycota
as a minor proportion of the community in the Pescadero
Transform Fault (PV_1), resembles former findings reporting
this phylum as a component of fungal vent communities
(Le Calvez et al., 2009; Nagano et al., 2010; Nagahama
et al., 2011; Luo et al., 2020). Largely, these results suggest
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FIGURE 7 | Dendrogram generated using Ward’s clustering criterion showing dissimilarities of fungal communities in sediment samples from deep-sea low- and
high-temperature hydrothermal vents, and an oxygen minimum zone based on Sorensen (A) and Bray-Curtis (B) metrics. Height indicates distance given the
dissimilarity metrics.

that despite distinctive extreme conditions of the investigated
systems, they host a considerable fungal diversity in higher
taxonomic categories.

Less than 0.0001% of the deep ocean has been investigated,
representing the least explored biome of Earth (Danovaro et al.,
2017). Unsurprisingly, 20.58% of our ASVs were identified only
to the kingdom level, which sums to accumulating evidence on
the rich occurrence of formally undescribed, uncultured fungal
phylotypes from deep-sea (revised in Nagano and Nagahama,
2012; Nilsson et al., 2019). Interestingly, the most widely
distributed (occurring in all the ecosystems) and top dominant
ASV, Fungi sp. 18, showed affinity to previously reported
deep-sea phylotypes such as the DSF-group1 (Ascomycota;
AB507843, AB507839). This uncultured fungal group is believed
to have a restricted distribution to oxygen-depleted deep-sea
environments, such as methane cold-seeps, anoxic bacterial
mats, and deep-sea sediments (Bass et al., 2007; Takishita et al.,
2007; Nagano et al., 2010), occurring perhaps as a parasite
of planktonic animals (Nagano and Nagahama, 2012). So,
our results validate the wide distribution of this clade across
deep-sea extreme systems, including low- and high-temperature
hydrothermal vents.

Alpha Diversity Estimates
Our findings on vent systems as the richest ecosystem for
fungal ASVs corroborates former postulates on hydrothermal
vents as a deep-sea oasis for marine life (Carney, 1994). This
has been correlated with high productivity and dynamism at
fluid-influenced sites, which support energetically expensive

diversity levels (Alfaro-Lucas et al., 2020); in contrast to other
relatively homogeneous and stable deep-sea benthic habitats
(Snelgrove and Smith, 2002) where communities thrive on
the organic matter produced in shallower waters (Ruhl and
Smith, 2004). So, it is reasonable to believe that fungi, as
heterotrophic microorganisms, take advantage of nutrient pulses
in deep-sea extreme ecosystems. In addition, our results revealed
opposite diversity patterns to those reported for bacteria from
the same samples, where high-temperature vents (PV_1 and
PV_3) were the least diverse localities (Espinosa-Asuar et al.,
2020), denoting cross-kingdom antagonistic processes that shall
be further confirmed.

Pescadero Basin
In terms of taxonomic diversity, the Malasseziales occurred
abundantly in the high-temperature vents of PB, evidencing
their copious occurrence in this ecosystem (Amend, 2014).
Nonetheless, we documented differences across sites in terms
of the rarefied diversity indexes (Simpson and Shannon),
evenness metrics, and community composition. On the one
hand, the highest diversity values were observed in PV_1,
where the fungal community was dominated by Fungi sp.
5, 18, and 19 (similar to Geastrum, and uncultured lineages
from hydrothermal vents in the Mid-Atlantic and deep-sea
sediments in South China, respectively), Malassezia globosa,
Vishniacozyma victoriae, and Cryptococcus uniguttulatus. On
the other hand, this system also included the site with the
lowest diversity values (PV_2), characterized by the abundant
occurrence of Fungi sp. 18 and 19. These results confirm

Frontiers in Marine Science | www.frontiersin.org 9 February 2022 | Volume 9 | Article 802634

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-09-802634 February 12, 2022 Time: 16:30 # 10

Velez et al. Fungal Diversity in Deep-Sea

FIGURE 8 | Principal component analysis (PCA) on Hellinger-transformed abundance data showing clustering patterns in fungal ASVs from deep-sea low- and
high-temperature hydrothermal vents, and an oxygen minimum zone.

FIGURE 9 | Upset plot indicating overlapping and unique fungal AVSs across the seven sampling sites stacked in the x-axis (A), where the set size represents the
overall number of species for each sample; and Venn diagram (B) showing the total number of shared and uniquely retrieved fungal AVSs in deep-sea
low-temperature hydrothermal vents, high-temperature hydrothermal vents, and an oxygen minimum zone. HTVent, high-temperature vents; LTVent,
low-temperature vent; OMZ, oxygen minimum zone.

strong substrate heterogeneity in PB vents owing to the
variety of ecological settings in this locality and differences
in fluid regimes and chemical composition (Mullineaux
et al., 2018; Paduan et al., 2018). In agreement, Salcedo
et al. (2019) proposed the existence of a greater variety
of niches in PB than in PTF and AR, inferred by a wide
range in the carbon isotopic signatures of sedimentivore

consumers, implying the occurrence of numerous free-living
microorganisms such as fungi.

Pescadero Transform Fault
Low-temperature vent site of the PTF, showed moderate evenness
and diversity values, depicting strong dominance patterns of a
few taxa (Fungi sp. 18 and 19) in a species-poor community. At
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FIGURE 10 | Stacked bar plot showing the relative proportion (y-axis) of the assigned fungal functional guilds (shown in red in the pie chart) across sediment
samples from deep-sea low- and high-temperature hydrothermal vents, and an oxygen minimum zone (x-axis).

large, the community was dominated by the Dothideomycetes and
Malasseziales, suggesting these fungi represent a characteristic
element in this locality. However, in contrast to sites in the
PB, Ramularia sp., Malassezia sp., and Fungi sp. 14 (similar to
Preussia spp., and uncultured fungal phylotypes from ponds)
occurred abundantly, denoting distinctive local assemblages.
Interestingly, the low fungal diversity in PTF vents is consistent
with the low faunal diversity of 16 taxa identified by Goffredi
et al. (2017), and the low diversity in trophic guilds and the less
complex food web observed by Salcedo et al. (2019). This may be
related to the apparent simplicity of this vent site, which is mainly
composed of dense clusters of siboglinid worms Escarpia spicata
and Lamellibrachia barhami surrounded by uplifted sediment
hills and characterized by a discrete low-temperature seepage
(Goffredi et al., 2017).

Alarcón Rise
Considering that different and independent ecological processes
determine species richness and evenness (Ma, 2005), it is feasible
that our results on the highest richness of ASVs and low evenness
values for the high-temperature vent system of the Alarcón
Rise (site AV_1) may reflect an unstable system where site-
specific conditions and spatial patchiness of resources account
for a highly rich fungal community that varies in resource
utilization strategies (confirmed by the FUNGuild analysis).
Moreover, we observed distinctive fungal assemblages with
the Helotiales, mostly Cadophora malorum, which has been
previously isolated from the endemic shrimp Rimicaris exoculata
from the Rainbow hydrothermal site by Rédou et al. (2016) as a

dominant element. This finding also resembles former reports on
the dominance of this order in deep-sea animal-associated fungi
from hydrothermal vents in the Pacific Ocean (Burgaud et al.,
2009, 2010), fungi associated with the sponge Stelletta normani
in the Atlantic Ocean (Batista-García et al., 2017), and deep-
sea coral gardens in the Atlantic Ocean (Marchese et al., 2021),
suggesting the animal-related lifestyle of this fungus in AV_1. The
highest fungal richness observed in AR vents is consistent with
the highest invertebrate richness previously identified since 43
taxa were identified in this locality in comparison to 27 taxa in
PB and 16 taxa in PTF (Goffredi et al., 2017; Salcedo et al., 2021).

Alfonso Basin
Although OMZs are considered as inhospitable areas to
aerobically respiring organisms, our data evidenced that the
analyzed OMZ regions in the AB support thriving fungal
communities (including unidentified, uncultured deep-sea
fungal phylotypes) that are associated with diverse functional
guilds (e.g., undefined saprotrophs, wood saprotrophs, dung
saprotroph-endophyte-plant pathogen-undefined saprotroph,
animal pathogen-endophyte-epiphyte-fungal parasite-plant
pathogen-wood saprotroph, among others). Our results on
contrasting richness values, and marked differences in fungal
assemblages, even at higher taxonomic levels, evidenced the
spatial and environmental patchiness in this deep-sea ecosystem
(Dalsgaard et al., 2012), where microbial diversity is known
to vary along the oxycline (Wright et al., 2012). Furthermore,
our data revealed that around one-fourth of the ASVs (24.5%)
were exclusive to the AB, supporting the possibility of fungal
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ecotypes selection. These results are consistent with previous
observations demonstrating fungal taxa metabolic adaptations to
utilize nitrate and (or) nitrite as an alternative for oxygen (Shoun
et al., 1992), hinting on their potential to participate in anaerobic
denitrification processes in the analyzed OMZs.

Beta Diversity Estimates
No single factor determines the global distribution and
abundance of all fungi (Nilsson et al., 2019). Our results
evidenced the differentiation of fungal communities among an
OMZ, low- and high-temperature vent systems, sharing only
five ASVs. Particularly, the OMZ site ZM_2 and the vent
system site AV_1 were the most distinct sites, in accordance to
previous reports on bacterial diversity (Espinosa-Asuar et al.,
2020). These results suggest that fungal assemblages in each
ecosystem (e.g., AR vs. PB vents) might be explained by
the diversity of the surrounding physicochemical conditions
(i.e., gradients of temperature, pH, etc.), as well as by the
degree of connectivity (Grossart et al., 2019). For instance,
the vent field of the PB is composed of calcite, venting fluids
are rich in aromatic hydrocarbons, hydrogen, methane, and
hydrogen sulfide at a pH of ∼6.5, and has a faunal composition
dominated by the siboglinid tubeworm Oasisia aff. alvinae
(Goffredi et al., 2017). In contrast, the AR hosts black smokers
chimneys constructed of polymetallic sulfides, emanating fluids
with high concentrations of H2S and metal-sulfides, where the
siboglinid Riftia pachyptila proliferates (Goffredi et al., 2017;
Paduan et al., 2018). These marked physical, chemical, and
biological differences (presence of exclusive species) might be
responsible for high fungal turnover between surrounding sites,
yet the specific environmental factors driving these differences
remain to be explored.

Our beta diversity results based on Bray-Curtis metrics also
resembled former reports for bacteria, evidencing the clustering
of the site PV_2 (high-temperature vent in the PB) with FI_4
(low-temperature vent in the PTF; Espinosa-Asuar et al., 2020).
This may be associated to the geographical distribution and
connectivity of sampling sites within the Gulf of California.
Since PV_2 represents the most easterly site within PB, perhaps
receiving a low influence on the sediments from venting fluids
within the PB. Nonetheless, this might also reflect the occurrence
of many singleton species in the dataset, leading to sparse
matrices predominantly filled up with zeros (Legendre and
Gallagher, 2001), overriding the agreement in presence of species
(Ricotta and Podani, 2017).

Functional Guilds
Although true fungal diversity and its role in deep-sea
environments are still unclear, facultative parasitic or
opportunistic (e.g., Van Dover, 2007; Burgaud et al., 2009),
and symbiotic interactions with endemic deep-sea animals have
been repeatedly documented. The FUNGuild analysis evidenced
characteristic functional fungal signatures across the investigated
deep-sea extreme systems. For instance, the dominance of
undefined saprotrophs in the Pescadero Basin suggests that the
fungi might be involved in important ecological functions in
nutrients turnover. Whereas, in the Alarcón Rise and Alfonso

Basin potentially symbiotic fungal guilds represented the most
common trophic guilds, hinting at animal-associated lifestyles.
It is worth mentioning that despite our results indicated that
Malassezia restricta (putative opportunistic human pathogen)
occurred abundantly in site PV_3, this record was not reflected
in the FUNGuild results, representing a significant bias. This
highlights the urgent need for additional studies and the
development of reference databases to fully elucidate fungal
functional roles in deep-sea ecosystems.

CONCLUSION

This work evidenced a high fungal diversity -at both taxonomic
and functional levels- in the sediments collected from distinct
vent systems (including low- and high-temperature systems
associated with carbonate mounds and black smokers) and
an OMZ in the southern Gulf of California. This fungal
diversity was characterized by the plentiful occurrence of deep-
sea uncultured clades that could potentially represent unknown
taxa with limited distribution to deep-sea sediments, hinting
at the magnitude of the still unknown species occurring in
the oceans. The fungal diversity herein detected included
species with different ecological roles suggesting that despite
the extreme conditions characterizing deep-sea extreme systems,
they host a complex fungal community. Nonetheless, we stress
on the importance of conducting further exploration works
that include an extensive sampling design, accounting for intra-
sample variability.

Our results uncovered distinctive fungal assemblages in each
ecosystem, which could be linked to site-specific processes
that should be further evaluated. Interestingly, these fungal
diversity patterns are consistent with the faunistic data
reported in previous studies, hinting chemical and physical
heterogeneity as the main drivers of the community structure
at microscopic and macroscopic levels. This preliminary
work opens the way to new studies of the diversity and
ecology of fungi in deep benthic ecosystems. So, additional
studies are needed to corroborate in detail fungal ecology in
these extreme environments, and to elucidate fungal trophic
roles, as well as their potential utilization in bioprospection
and bioremediation.
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