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INTRODUCTION
Marine sediments cover 70% of the Earth’s 

surface and harbor one of the largest micro-
bial habitats on Earth. In deep-sea sediments, 

Bacteria and Archaea represent around 90% of 
the total benthic biomass and have a key role in 
nutrient cycles and remineralization of organic 
matter (Varliero et al., 2019). Firstly, microbial 
communities in deep-sea sediments were thought 
to be largely heterotrophic, being supported by 
sporadic influxes of nutrients from the overlying 
water column (Lauro and Bartlett, 2008). However, 
several recent studies have shown that these © 2022 The authors. This is an open access article distributed under 

the terms of the Creative Commons license.

Ocean 
and Coastal
Research

Deep-sea sediments comprise one of the largest habitats on Earth. The archaeal groups contribute to a large fraction of 
the deep-sea benthic biomass, playing a key role in biogeochemical cycles. However, their diversity in deep-sea benthic 
ecosystems remains poorly understood, mostly because only recently novel taxa have been proposed, thus remodeling 
the phylogenetic tree. Despite the diffculty in obtaining cultivated representatives, the metabolic capabilities of archaea  
have lately been described through metagenomic data, indicating that archaeal taxa are highly versatile. Here, we aimed 
to reveal the diversity of archaeal communities in surface (0 to 15 cm depth) and subsurface (200 cm depth) sediments 
from a carbonate-rich region in the Southwestern Atlantic upper slope. We performed 16S rRNA gene sequencing, and 
found that the archaeal composition in surface sediments was mainly dominated by ammonia-oxidizing archaea within 
Nitrososphaeria class. The distribution of Nitrososphaeria ASVs (amplicon sequence variants) indicates the presence 
of several species or ecotypes. Contrastingly, the subsurface sediment was dominated by uncultivated anaerobic and 
poorly known archaea, including representatives of all supergroups (Asgard, TACK, DPANN and Euryarchaeota). These 
archaea have been described as having potentially diverse metabolic capabilities, including autotrophic and heterotrophic 
pathways, such as acetogenesis, methylotrophy, and degradation of labile and recalcitrant organic compounds. This 
indicates an important role in the remineralization of organic matter in the SW (Southwest) Atlantic slope. They are likely 
enriched due to the transport and mixing of sediments by the IWBC (Intermediate Western Boundary Current) along 
the continental slope. However, further studies are needed to reveal the geochemical and oceanographic drivers of the 
archaeal distribution. This study provides the first description of the archaeal communities in carbonate-rich sediments 
in the SW Atlantic slope, and adds new biodiversity insights to this geological feature, which is considered a vulnerable 
marine ecosystem, thus helping for future conservation strategies.
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deep-sea benthic communities are dominated by 
metabolically diverse microbial groups, including 
chemoautotrophs, capable of surviving under high 
hydrostatic pressure and low temperatures (e.g., 
Corinaldesi, 2015; Oni et al., 2015; Hoshino et al., 
2020). Within these microbial communities, ar-
chaeal groups contribute to a large fraction of the 
biomass, and their abundance is similar to or even 
higher than that of bacteria. Hoshino and Inagaki 
(2019) performed a recent study that estimated 
that archaeal cells constitute 37.3% of all cells 
found in marine sediments, with higher percentag-
es in ocean-margin sediments than in open-ocean 
sediments. 

Despite the high abundance of archaea in marine 
sediments, their diversity remains little known, since 
only recently, the development of shotgun metage-
nomics and bioinformatic tools allowed the proposal 
of novel archaeal taxa, thus remodeling the phylo-
genetic tree and improving the taxonomic database 
(Dombrowski et al., 2019; Baker et al., 2020). To date, 
at least four supergroups have been proposed within 
the archaeal domain: “TACK” (Thaumarchaeota, 
Aigarchaeota, Crenarchaeota, Korarchaeota), 
“Asgard” (Lokiarchaeota, Odinarchaeota, 
Thorarchaeota, and Heimdalarchaeota), “DPANN” 
(Diapherotrites, Parvarchaeota, Aenigmarchaeota, 
Nanoarchaeota, Nanohaloarchaeota, Pacearchaeota, 
Woesearchaeota, and Micrarchaeota) and 
Euryarchaeota (Thermoplasmata, among others) 
(Tahon et al., 2021). 

The difficulty in obtaining cultivated represen-
tatives in the laboratory makes the description of 
archaeal metabolisms a tremendous challenge 
(Li, Yuting et al., 2019). By the reconstruction of ar-
chaeal genomes from metagenomic data and sin-
gle-cell genomics studies, the metabolic potentials 
of archaea in deep-sea ecosystems have shown 
to be highly versatile, with members involved with 
the methane metabolism (methanogenesis and 
anaerobic methane oxidation) and nitrogen me-
tabolism, mostly by oxidation of ammonia to nitrite 
performed by Nitrososphaeria members (Offre et 
al., 2013; Baker et al., 2020). Further, many ar-
chaeal taxa can fix carbon from inorganic sources, 
having a key role in chemosynthetic processes 
in the deep ocean in the last millions of years 
(Vuillemin et al., 2019).

One of the main factors influencing the distri-
bution of archaea in the deep sea is the oxidation 
level of the sediments, where some taxa and eco-
types may be more adapted to oxic, anoxic or low-
oxygen (oxic–anoxic) environments (Hoshino and 
Inagaki, 2019). Surface sediments (~up to 10 to 
15 cm depth) are often oxygenated and thus select 
aerobic taxa, being dominated by ammonia oxidiz-
er Nitrososphaeria members, while anoxic subsur-
face sediments are dominated by diverse anaero-
bic groups, such as those within Bathyarchaeia, 
Lokiarchaeia, and Euryarchaeota, most of them 
with not yet cultivated lineages (Baker et al., 2020; 
Hoshino et al., 2020). Generally, the abundance 
of Archaea in marine sediments decreases with 
increasing depth, but at lower rates than Bacteria 
(Hoshino et al., 2020).

Although microbial diversity in deep-sea sedi-
ments has been described in recent years, few 
studies have focused on the diversity and verti-
cal distribution of archaeal communities and their 
ecotypes. Efforts to describe archaeal diversity 
have been performed, for example, in the sub-
surface sediments from the South China Sea (Yu 
et al., 2017; Li, Yuting et al., 2019), in the mid-
ocean ridge flanks of the North Atlantic Ocean, 
in the Pacific abyssal plain and Mohns Ridge 
(Norwegian Sea) (Kerou et al., 2021), as well as 
in the Eastern Indian Ocean (Wang et al., 2017), 
and the active venting site Loki’s Castle (Arctic 
Mid-Ocean Ridge) (Spang et al., 2015). Despite 
the ecological and evolutionary importance of ma-
rine archaea, as demonstrated in these previous 
studies, their diversity in sediments from the deep 
South Atlantic Ocean remains poorly understood. 
This study reports the first description of the ar-
chaeome in surface and subsurface sediments 
from the Southwestern (SW) Atlantic slope.

The Santos marginal basin (SW Atlantic) har-
bors diverse geological features, including pock-
mark fields (Ramos et al., 2020), carbonate-rich 
sediments, and carbonate ridges, such as the re-
cently described Alpha Crucis Carbonate Ridge 
(ACCR) (Maly et al., 2019). These environments 
are considered vulnerable marine ecosystems that 
urge a better understanding for future conservation 
strategies. This study aimed to reveal the diversity 
of archaeal communities in surface (0 to 15 cm 
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depth) and subsurface (200 cm depth) sediments 
of a carbonate-rich region in the deep SW Atlantic 
Ocean.  Using high-throughput Illumina sequenc-
ing targeting the 16S rRNA gene, we found a high 
number of Nitrososphaeria ASVs (amplicon se-
quence variants) in surface sediments. Their verti-
cal distribution probably indicates species or eco-
types which are ubiquitous or colonizers of upper 
or lower sediment strata. Contrastingly, the subsur-
face sediment lacks members of Nitrososphaeria, 
being dominated by different anaerobic and un-
cultivated taxa, including representatives of all ar-
chaeal supergroups (Asgard, TACK, DPANN, and 
Euryarchaeota). These archaea are known to po-
tentially participate in marine nitrogen and carbon 
cycles, including carbon fixation, methane metab-
olism, and degrading label and recalcitrant organic 
compounds by heterotrophic pathways, likely play-
ing an important role in the remineralization of the 
organic matter in the deep sea.

METHODS

Study area and sampling strategy
The study area is located between the 700 

and 1000 m isobaths in the central portion of 
the Santos Basin, southeastern Brazilian margin 
(Figure 1A). The area is influenced and shaped by 
the bottom currents system of Brazil Current (BC) 
and the Intermediate Western Boundary Current 
(IWBC) with opposite flow (Soutelino et al., 2013; 
Biló et al.,2014; Maly et al., 2019) (Figure 1B). The 
area is adjacent to the large carbonate mound 
province The Alpha Crucis Carbonate Ridge 
(AACR) (Maly et al., 2019) and presents a seafloor 
with carbonate composition. A study in the area 
shows that the region has a high concentration of 
nutrients through the metal ratios of the corals that 
compose the bottom (Trevizani et al., 2022). This 
study is part of a multidisciplinary project called 
“BIOIL” financed by Shell Brazil. The description of 
the cruise onboard RV Alpha Crucis is detailed in 
Sumida et al. (2022). 

Surface sediment samples (0 to 15 cm) from 
stations P681, P683 and P684 (Figure 1C) were 
collected using an Ocean Instruments® box corer 
(50 cm x 50 cm x 50 cm). The overlying water was 
drained before the box corer opening, and then 

corers (7 x 20 cm) were collected, extruded, and 
subsampled in the following strata: 0-5, 5-10, and 
10-15 cm. Subsurface sediments were collected 
at station P684 using a gravity-corer sampler (3” 
diameter, 3 m long), and the 200th-cm deep layer 
was selected for microbiological analysis. Surface 
(n=18) and subsurface (n=1) sediment samples 
were stored in Whirl-pack bags at -80°C until ar-
rival at the Oceanographic Institute, University of 
Sao Paulo, Brazil, in November 2019. Details of 
each sample, including strata, coordinates and 
local depth, are described in Supplementary 
Table 1.

Characterization of water masses
The characterization of water masses in the 

study area was performed by measuring tempera-
ture and salinity in situ using a CTD-Rosette on-
board the R/V Alpha Crucis system. Further, nutri-
ent analyses of three water depths from stations 
P681, P683, and P684 were performed, including 
nitrate and nitrite (SEAL Analytical AutoAnalyzer 
II), phosphate, silicate, and ammonium (Thermo 
Scientific Spectrophotometer Evolution 200) mea-
surements. Nutrient analyses were performed in 
the “Laboratório de Nutrientes, Micronutrientes e 
Traços no Mar” at the Oceanographic Institute of 
the University of São Paulo (São Paulo, Brazil). 

Physical-chemical analyses of sedi-
ments

Sediments were analyzed according to their 
grain size, calcium carbonate (CaCO3) content, 
total organic carbon (TOC), total nitrogen, and 
δ13C/12C. The strata from 0 cm to approximately 
28 cm (depending on each sample) were ana-
lyzed. Grain size analysis was performed ac-
cording to Ramos et al. (2020). For calcium 
carbonate content, we performed a gravimetric 
analysis by the weight difference before and af-
ter the acidification of each sample with 2M HCl. 
Total organic carbon (TOC), total nitrogen, and 
δ13C (reported in ‰ PDB) analyses were per-
formed with a Costec elemental analyzer (EA) 
coupled to an isotopic ratio mass spectrometer 
(IRMS) (Thermo Scientific Delta Advantage) af-
ter the complete elimination of calcium carbon-
ate of the samples with 2M HCl. 

https://doi.org/10.5281/zenodo.7267984
https://doi.org/10.5281/zenodo.7267984
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DNA extraction and 16s rRNA gene 
sequencing

DNA extraction of sediments (0.3 g per sample) 
was performed using the DNEasy PowerSoil Kit 
(Qiagen, Hilden, Germany), following manufactur-
ing protocols. Total DNA was then quantified using 
Qubit dsDNA HS Assay (Thermo-Fisher Scientific, 
Waltham, U.S.A.) and Qubit Fluorometer 1.0 
(Thermo-Fisher Scientific, Waltham, U.S.A.). The 
sequencing of the 16S rRNA gene was carried out 
through Illumina Miseq paired-end system 2 x 300 
bp, with the primers 515F-926R (Parada et al., 
2016), targeting the V3–V4 regions of the gene. 
Sequencing was performed by ZymoBIOMICS® 
Service (Irvine, U.S.A.).

Bioinformatic analyses
After sequencing, raw reads were imported 

into QIIME 2 (v.2020.2, https://docs.qiime2.
org/) (Bolyen et al., 2019) using the q2-tools-
import script. DADA2 software was used to ob-
tain a set of observed sequence variants (SVs) 

(Callahan et al., 2017). Based on the quality 
scores, the forward reads were truncated at po-
sition 270 and the reverse reads at 200, using 
the q2-dada2-denoise script. Primer sequences 
were removed using the same script. Taxonomy 
was assigned through feature-classifier classi-
fy-sklearn and SILVA database v138. The phy-
logenetic tree was built by FastTree (Price et 
al., 2009) and the MAFFT aligner (Katoh et al., 
2002). 

QIIME 2 outputs were imported in R (ver-
sion 4.2.0) using the package qiime2R (https://
github.com/jbisanz/qiime2R). Archaeal taxo-
nomic groups were filtered using the phyloseq 
package (McMurdie and Holmes, 2012), and 
then alpha and beta diversity metrics at a rar-
efied sampling depth of 16,443 sequences were 
calculated in phyloseq. Beta diversity was mea-
sured by weighted Unifrac distance and visual-
ized via PcoA (Principal Coordinate Analysis). 
Differences in the archaeal community struc-
ture among sediment strata were tested by per-
forming a permutational multivariate analysis 

Figure 1. Sampling map describing the location of the sites P681, P683, and P684. A: general location according to the Brazilian 
Southeast coast; B: detail of the local influence of the oceanographic currents (IWBC and BC); C: location of sampling sites according 
to bathymetry (in blue shades). The station P681 is located in a region which does not has bathymetry measurements.
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of variance (PERMANOVA) on the commu-
nity matrix (Anderson, 2001). Sequencing 
data were deposited in the National Center 
for Biotechnology Information Sequence 
Read Archives (SRA) under BioProject ID 
PRJNA843713.

RESULTS

Characterization of water masses in 
the study area

Seawater temperature ranged from 4.6°C to 
24.5 °C, and salinity, from 34.3 to 37.2 psu, both 
decreasing with depth. Phosphate and nitrate pre-
sented their minimum concentrations (0.05 µmol 
L-1, 0.36 µmol L-1, respectively) at the surface of sta-
tion P681 and their maximum concentrations (1.92 
µmol L-1, 27.51 µmol L-1, respectively) at the most 
profound depth of station P684. Silicate concen-
trations ranged from 0.69 µmol L-1 at the surface of 
station P681 to 20.25 µmol L-1 at the greatest depth 
of station P684. Nitrite concentrations varied from 
0.01 µmol L-1 at the surface of station P683 to 0.04 
µmol L-1 at the intermediate depth of station P684. 
Ammonium concentrations ranged from 0.05 µmol 
L-1 at the surface of station P684 to 0.28 µmol L-1 at 
the intermediate depth of station P684. The results 
of the physical-chemical characteristics of seawa-
ter are detailed in Supplementary Table 2.

Physical-chemical characterization 
of sediments

The grain size analysis of the sediments (0-
28 cm, varying according to each sampling site) 
resulted in prevalent mud sediments among all 
analyzed samples (Supplementary Table 3). The 
chemical analyses resulted in a CaCO3 content va-
rying between 13.10% at P681 (0-2 cm) to 7.37% 
at P683 (24-26 cm). Generally, TOC was lower 
in the deepest strata, varying between 0.73% at 
P683 (0-2 cm) to 0.15% at P684 (8-10 cm), as well 
as total nitrogen, which varied from 0.09% at P684 
(2-4 cm) to 0.01% at P681 (16-18 cm) and P683 
(8-10 cm and 24-26 cm). Some samples were be-
low the detection level for TOC and total nitrogen. 
δ13C/12C varied from -22.15‰ at P681 (12-14 cm) 
to -20.68‰ at P81 (4-6 cm).

Alpha and beta-diversity
We obtained 571,650 reads and 32,912 ASVs 

distributed among 19 samples. A mean of 852.36 
ASVs (SD ± 201.14) was detected in sediment 
samples. For total communities, richness values 
measured by Chao1 varied between 1061.37 to 
595.80 among surface sediments and was 192.50 
for the subsurface sediment sample. Alpha diver-
sity using the Shannon index varied from 6.16 to 
5.51 for surface sediments and was 4.88 for the 
subsurface sediment. By considering only the 
surface microbial communities, the ANOVA result 
was significant by strata for Chao1 (p=0.00778) 
but was no significant for Shannon (p=0.163).

When considering only archaeal communities, 
surface sediments exhibited a number of ASVs va-
rying from 99 to 148, Chao1 from 99.33 to 151.47, 
and Shannon from 3.60 to 4.07. Subsurface sedi-
ment values for archaeal diversity were 32 for the 
number of ASVs, 32.00 for Chao1, and 3.29 for 
Shannon. The values of alpha diversity indices are 
described in Supplementary Table 4. The ANOVA 
result considering the surface archaeal communi-
ties exhibited the same pattern for the total com-
munities, where only Chao1 was significant (p= 
0.0436) according to the strata.

The weighted Unifrac distance observed in 
PcoA (Figure 2) showed a clear pattern of sam-
ple distribution according to sediment layers by 
considering both the total community and the ar-
chaeal community. Sediment samples of 0-5 cm 
harbored similar communities in all stations, and a 
transition of community similarity from 5-10 cm to 
10-15 cm strata was clearly observed. The subsu-
perficial sediment sample (200 cm stratum) was 
distantly distributed from all surface strata (0-15 
cm). Based on PERMANOVA, the total commu-
nity structure was significantly influenced by depth 
(R2=0.52, p=0.001), as was the archaeal commu-
nity structure (R2=0.65, p=0.001).

Total community composition
The most abundant phyla in surface sedi-

ments were Crenarchaeota, Proteobacteria, 
Acidobacteriota, Planctomycetota, Methylomirabilota, 
NB1-j, Bacteroidota, Nitrospirota, Gemmatimonadota, 
and Chloroflexi (Figure 3). For subsurface 

https://doi.org/10.5281/zenodo.7267984
https://doi.org/10.5281/zenodo.7267984
https://doi.org/10.5281/zenodo.7267984
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Figure 2. PcoA (Principal Coordinate Analysis) ordination based on weighted UNIFRAC distances for the entire and archaeal 
communities. Colors are classified according to the sediment strata (layer). Total community PC1: 29.1%, PC2: 23.8%; Archaeal 
community PC1 40.9%, PC2 29.6%.

sediment, the most abundant phyla were Chloroflexi, 
Planctomycetota, Crenarchaeota, Desulfobacterota, 
Proteobacteria, Caldatribacteriota, Elusimicrobiota, 
Acidobacteriota, Firmicutes, Hadarchaeota, 
Thermoplasmatota, Nanoarchaeota, Marinimicrobia 

(SAR406_clade), Verrucomicrobiota and 
Asgardarchaeota. The relative abundan-
ces and standard deviations for each phylum 
per sediment stratum (layer) are detailed in 
Supplementary Table 5.

Figure 3. Microbial community composition in surface and subsurface sediment samples from the Southwestern Atlantic Ocean. The 
figure shows the relative abundance of bacterial and archaeal taxonomic groups at the phylum level. Samples are grouped according 
to sediment strata. Only phyla with more than 0.1% of abundance are represented. Sequences were taxonomically classified using 
the Silva database v. 138.

https://doi.org/10.5281/zenodo.7267984
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Archaeal community: taxonomic com-
position and phylogeny

Looking at phylum levels within archaeal com-
munities, the 0-5 cm deep sediments showed 
Crenarchaeota and Nanoarchaeota as the most 
abundant. These phyla were also abundant in 
sediments from 5 to 15 cm, with the addition of 
Thermoplasmatota (Figure 4 and Supplementary 
Figure 1). All ASVs related to Crenarchaeota 
in 0 to 15 cm depth sediments were affiliated with 
Nitrososphaeria class. Contrastingly, the most abun-
dant phyla in subsurface sediments (200 cm) were 
Crenarchaeota assigned within Bathyarchaeia class, 
Asgardarchaeota, Hadarchaeota, Nanoarchaeota, 
and Thermoplasmatota. The relative abundances 
and standard deviations for each archaeal phyla per 
sediment layer are detailed in Supplementary Table 6.

Phylogenetic relationships among archaeal taxa 
were analyzed through 16S rRNA gene and by group-
ing ASVs at order level, selecting those with >0.001% 
relative abundance. The selected orders belonged to 
8 archaeal phyla and showed different pattern distri-
butions according to the sediment strata (Figure 5A). 
Briefly, the phylum with more branches in the phylo-
genetic tree was Crenarchaoeota (Bathyarchaeia, 
Marine Benthic Group A, Nitrosopumilales, 
Nitrososphaerales, and uncultured order), followed by 
Thermoplasmatota (Methanomassiliicoccales, SG8-
5, Marine Benthic Group D and DHVEG-1, and un-
cultured order), Nanoarchaeota (Woesearchaeales) 
and Aenigmarchaeota (Aenigmarchaeales and 
DSEG). Other phyla were represented by only one 
branch, such as Hadarchaeota, Asgardarchaeota, 
and Micrarchaeota. 

Figure 4. Archaeal community composition in surface and subsurface sediment samples from the Southwestern Atlantic Ocean. The 
figure shows the relative abundance of archaeal taxonomic groups at phylum and class levels. Samples are grouped according to 
sediment strata. Sequences were taxonomically classified using the Silva database v. 138.

https://doi.org/10.5281/zenodo.7267984
https://doi.org/10.5281/zenodo.7267984
https://doi.org/10.5281/zenodo.7267984
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No archaeal ASV was shared between sur-
face strata and subsurface stratum (Figure 5B). 
The 0-5 cm samples shared 148 ASVs with 5-10 
cm stratum and 112 ASVs with 10-15 cm stratum. 
Samples from the 5-10 cm and 10-15 cm layers 
shared 181 ASVs. 

To deeply explore archaeal taxa, we select-
ed the 120 most abundant ASVs to understand 
their distribution among the surface and sub-
surface sediments. We observed that most of 
the highly abundant ASVs were classified within 
Nitrosopumilaceae (Figure 6), which exhibited dif-
ferent patterns of distribution, with some ASVs 
preferably present in the upper strata (0-10 cm) 
(e.g., ASV1615, ASV1700, and ASV1948), oth-
ers more prevalent in the 10-15 cm stratum 
(e.g., ASV1480, ASV1621, and ASV1720), and 
ASVs highly distributed among all surface sedi-
ments (0 to 15 cm) (e.g., ASV1542, ASV1547 and 
ASV1701). Woesearchaeles (Nanoarchaeota phy-
lum) showed ASVs prevalent among all surface 
sediments (0 to 15 cm), and others present only in 5 
to 15 cm strata (ASV919) or only in the subsurface 

sediment (200cm) (ASV806 and ASV1081). 
Marine Benthic Group A (Nitrososphaeria class) 
ASV was found in all samples from 0 to 15 cm, 
whereas SCGC-AA011-d5 (Nanoarchaeota phy-
lum) ASVs were present from 5 to 15 cm strata. 
Subsurface sediment did not exhibit ASVs belong-
ing to Nitrosopumilaceae, SCGC-AA011-d5, and 
Marine Benthic Group A. The prevalent ASVs in 
the subsurface were related to Bathyarchaeia, 
Hadarchaeales, Lokiarchaeia, Marine Benthic 
Group D (Thermoplasmatota phylum), 
Woesearchaeles, and SG8-5 (Euryarchaeota).

DISCUSSION

Archaeal community in surface sedi-
ments

This study provided the first survey describing 
archaeal communities in surface and subsurface 
sediments from the SW Atlantic Ocean margin. The 
values of richness showed that both total and ar-
chaeal communities varied significantly according 

Figure 5. (A) Phylogenetic tree of the archaeal taxa through 16S rRNA gene, grouped at the order level (>0.001%), and the contribution 
of samples by sediment stratum (layer). Orders are colored according to their respective phyla. Taxonomic groups which were not 
classified at the order level are represented at the class level. The numbers on the nodes are bootstrap values. (B) Venn diagram 
showing the number of shared archaeal ASVs along the sediment strata (layers).
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Figure 6. Heatmap showing the log 10 transformed relative abundance of the 120 most abundant OTUs. Samples are 
clustered and colored according to sediment strata (layer). Taxonomic names are related to the deepest classification 
according to Silva database v. 138.
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to sediment depth, what was not true for the alpha 
diversity index measured by Shannon. In general, 
the most superficial layer (0-5 cm) was less rich 
than 5-10 cm and 10-15 cm layers. Regarding the 
archaeal community composition, we found that it 
was significantly correlated with sediment depth, 
with ASVs assigned within Nitrososphaeria being 
dominant in surface sediments (0 to 15 cm) and 
absent in subsurface sediments. Nitrososphaeria 
encompasses ammonia oxidizing chemoautotro-
phic members and is thought to be the most nu-
merous pelagic living organisms in the dark ocean 
(Zhong et al., 2020; Lin et al., 2021). Recent studies 
have also been detected Nitrosphaeria members 
(formerly classified within the Thaumarchaeota 
phylum) in deep-sea surface sediments, such 
as in the western flank of the Mid-Atlantic Ridge 
(Zhao et al., 2019, 2020) and hadopelagic sedi-
ments from Ogasawara Trench (Nunoura et al., 
2013). As in our results, these studies identified 
Nitrososphaeria decreasing with sediment depths. 
Nitrososphaeria members have an important role 
in transforming ammonia in overlying sediments 
from the sediment-water interface, producing ni-
trate and thus creating a downward flux into the 
underlying oceanic crust (Zhao et al., 2019). 

Our results showed that several Nitrososphaeria 
ASVs presented different pattern distributions 
along the surface sediment strata, with some be-
ing prevalent in upper (0-10 cm) or lower layers 
(10-15 cm) and others ubiquitously distributed 
among surface layers (0-15 cm). This pattern sug-
gests a distinct ecophysiological potential to colo-
nize sedimentary environments. Previous studies 
have shown that different Nitrososphaeria clades 
likely harbor single or multiple phylotypes and 
ecotypes, each adapted to specific environmental 
conditions, such as oxygen concentration, water 
or sediment depth, nutrient availability, and pres-
sure (Zhao et al., 2020; Kerou et al., 2021). Some 
adaptation mechanisms within Nitrososphaeria 
clades are thought to be obtained through hori-
zontal gene transfer (HGT), as the genes encod-
ing the putative di-myo-inositol-phosphate (DIP) 
synthases, which might contribute to the success 
of hadal clades under extreme conditions (Zhao et 
al., 2020). 

While absent in subsurface, the sedi-
ment strata between 5 to 15 cm have also pre-
sented Methanomassiliicoccales members 
(Thermoplasmatota), which are host-associated 
or free-living methanogens (Borrel et al., 2020). 
Methanogenic archaea can use substrates pro-
duced by fermentation (H2, CO2, acetate, or meth-
ylated compounds) or geological processes (H2, 
CO2, CO) to produce methane (Cozannet et al., 
2021). The order Methanomassiliicoccales has 
been reported to perform methyl-dependent hy-
drogenotrophic methanogenesis, reducing methyl 
compounds with H2 as electron donor (Kröninger 
et al., 2016). Contrasting with acetoclastic and 
hydrogenotrophic methanogens, inhibited thermo-
dynamically by sulfate reduction, methylotrophic 
methanogens can compete with sulfate reducers 
for methylated substrates and colonize upper ma-
rine sediment layers (Zhuang et al., 2018). Indeed, 
the presence of Methanomassiliicoccales ASVs in 
surface strata (5-15 cm) might indicate their adap-
tation in colonizing the sulfate reduction zone. The 
methylotrophic methanogenesis in the surface 
sediment could be a source of methane to the wa-
ter column, thus influencing the benthic methane 
budgets in the ocean (Chronopoulou et al., 2017). 
Since marine sediments are the most significant 
global methane reservoir, marine methanogenic 
and methanotrophic microorganisms have an im-
portant role in balancing the global methane emis-
sion and sink (Milkov, 2004).

Archaeal community in subsurface 
sediments

The subsurface archaeal communities showed to 
be less rich and diverse when compared to surface 
communities, as previous studies have demonstrat-
ed (e.g., Vuillemin et al., 2019; Varliero et al., 2019; 
Ramírez et al., 2020). Subsurface taxa were absent 
in the surface strata and comprised the uncultivated 
classes Bathyarchaeia, Hadarchaeia, Lokiarchaeia, 
Micrarchaeia, Nanoarchaeia, and Thermoplasmata 
(SG8-5 and Marine Benthic Group D and DVHEG 
orders). Bathyarchaeia is an uncultured class that 
belongs to the Crenarchaeota phylum (TACK super-
group) and was the most abundant archaea in our sub-
surface sediment sample. This class encompasses 
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phylogenetically diverse and widely distributed lin-
eages, often in high abundance in anoxic marine 
sediments, from shallow regions (Zou et al., 2020; 
Romano et al., 2021) to the deep sea (He et al., 
2016; Ramírez et al., 2020). Bathyarchaeia might 
be involved with CO2 fixation, and recent findings 
showed that some lineages contain genes related 
to the methanogenesis pathway, being the first 
evidence of the presence of mcr genes outside 
the Euryarchaeota (Evans et al., 2015). However, 
the role of Bathyarchaeia in the methane cycle re-
mains unclear. More recent findings have shown 
that Mcr proteins might be involved with butane 
oxidation or other short-chain hydrocarbons oxida-
tion (Baker et al., 2020). Bathyarchaeia lineages 
are thought to have a critical role in degrading 
recalcitrant organic matter (Yu et al., 2017), and 
some lineages have shown to be active in subsur-
face marine sediments, such as those potentially 
performing acetogenesis, which indicates that this 
archaeal group has adopted a versatile life strat-
egy to thrive under energy-limiting conditions (He 
et al., 2016; Baker et al., 2020). Further, recycling 
fermentation products (CO2, hydrogen) through 
acetogenesis may provide an energetic advan-
tage over classical fermenters in the anoxic sedi-
ments (Ramírez et al., 2020). The abundance of 
Bathyarchaeia in our SW Atlantic subsurface sedi-
ments may suggest an important role in the remin-
eralization of the subseafloor organic matter, thus 
needing further investigation to elucidate the niche 
differentiation patterns and ecological functions of 
the extant subgroups. 

As in our results, previous studies have 
shown that Bathyarchaeia in subsurface marine 
sediments often co-occurs with other archaeal 
taxa, such as those within Hadarchaeia and 
Lokiarchaeia (e.g., (Li, Yingjie et al., 2019; Ramírez 
et al., 2020; Kong et al., 2021). Lokiarchaeia be-
longs to the recently discovered Asgard superphy-
lum, closely linked to the emergence of eukary-
otes (Spang et al., 2015; Zaremba-Niedzwiedzka 
et al., 2017). Lokiarchaeotal subgroups vary in 
their metabolic capabilities. Some are thought to 
be homoacetogens. Others can syntrophically 
grow with methanogens or sulfate-reducing bac-
teria while degrading amino acids (Imachi et al., 
2020) or even can use inorganic carbon through 

the tetrahydromethanopterin-dependent Wood-
Ljungdahl pathway (Orsi et al., 2020). These di-
verse metabolic potentials suggest the high eco-
logical plasticity of Lokiarchaeia members, with 
distinct subgroups specialized in degrading dif-
ferent classes of organic compounds (Yin et al., 
2021). Due to these variations of metabolic po-
tentials, further studies are needed to elucidate 
which subgroups are inhabiting the Southwestern 
Atlantic subsuperficial seafloor and their phyloge-
netic and evolutionary relationships with groups 
from other regions.

Another archaeal group detected only in the 
SW Atlantic subsurface was Hadarchaeia (formerly 
Hadesarchaea), originally described as the South-
African Gold Mine Miscellaneous Euryarchaeal 
Group (SAGMEG), being found in a broad range of 
anoxic subsurface environments. Hadarchaeia is 
phylogenetically related to Euryarchaeota and en-
compasses versatile anaerobic heterotrophic lineag-
es, potentially coupling CO and H2 oxidation with ni-
trite reduction to ammonia (Baker et al., 2016). They 
potentially perform carbon fixation due to central car-
bon metabolic genes found in methanogens and are 
being described as prominent members of the deep 
dark subsurface biosphere (Baker et al., 2016, 2020). 

The order Woesearchaeales (Nanoarchaeota 
phylum from the monophyletic DPANN superphy-
lum) was the unique archaeal group present in both 
surface and subsurface sediments, although the 
ASVs belonging to this group were distinct among 
the sediment strata. Nanoarchaeota members 
were initially thought to be restricted to extreme 
acidic and hydrothermal environments. However, 
we now know that they are ubiquitously found in 
nature (Liu, Li, et al., 2018). Based on metabolic 
predictions, Woesearchaeales members might 
be able to associate carbon and hydrogen me-
tabolism with symbiotic or fermentation-based 
lifestyles under anoxic conditions (Castelle et al., 
2015). However, their distribution, biodiversity, and 
metabolism group remain largely unknown. Liu et 
al. (2021) suggested that Woesearchaeales mem-
bers often occur together with methanogenic ar-
chaea, indicating a syntrophic relationship, where 
Woesearchaeales might produce H2/CO2 and ac-
etate, which can be used by hydrogenotrophic and 
acetotrophic methanogens, respectively. In turn, 
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Woesearchaeales may receive amino acids and 
other compounds to compensate for their meta-
bolic deficiencies due to their reduced genomes 
typical of the groups within DPANN (Liu et al., 
2021). Despite Woesearchaeales being previously 
detected in distinct ecosystems (e.g., Castelle et 
al., 2015; Liu, Pan, et al., 2018), they might not 
be ubiquitously distributed among the marine sedi-
ments (Hoshino et al., 2020; Ramírez et al., 2020). 
Thus, revealing their environmental drivers is cru-
cial to understanding their distribution and ecologi-
cal roles. We observed that our Woesearchaeales 
ASVs exhibited different distribution patterns, with 
some detected only from 5-15 cm sediments, oth-
ers among all surface sediments (0-15 cm), and 
others only in the subsurface. These patterns in-
dicate that these ASVs might belong to different 
subgroups harboring distinct lifestyles, and further 
studies are needed to understand the ecologi-
cal roles of Woesearchaeales (and other DPANN 
members) in the biogeochemical cycles from the 
deep SW Atlantic.

Although Thermoplasmata was detected in 
all surface and subsurface samples, the domi-
nant groups within this phylum in subsurface 
were Marine Benthic Group D and DHVEG-1, 
and SG8-5, contrasting with surface layers 
where Methanomassiliicoccales were prevalent. 
Marine Benthic Group D (MBG-D) is being de-
scribed as cosmopolitans in deep-sea subsur-
face sediments, together with Bathyarchaeia, 
potentially contributing to the benthic marine 
biogeochemical cycles (Zhou et al., 2019). 
They are thought to be benthic anaerobic ar-
chaea capable of exogenous protein mineral-
ization and acetogenesis (Lazar et al., 2017). 
Significant non-random association of MBG-D 
with Lokiarchaeia and Hadarchaeia has been 
demonstrated through co-occurrence analyses, 
suggesting a niche overlap or potential interac-
tions among these archaeal groups (Zhou et 
al., 2019). Thus, the occurrence of MBG-D and 
Lokiarchaeia in our subsurface sediment rein-
forces previous suggestions about their poten-
tial synergistic roles for carbon remineralization 
and production of labile compounds, which other 
microorganisms can use in the marine subsur-
face (Zhou et al., 2019; Baker et al., 2020).

Comparison with other deep-sea ben-
thic archaeomes

The gap in studies regarding archaeal diversity 
in the South Atlantic Ocean makes it challenging to 
compare with the benthic microbiomes within the 
region. Recently, Bendia et al. (2021) described 
the microbiome associated with the Alpha Crucis 
Carbonate Ridge (SW Atlantic), located near our 
sampling sites. Despite the geographical proxim-
ity, they found a different microbial composition 
in surface and subsurface sediments, including 
a significantly low abundance of Bathyarchaeia 
in the subsurface sediment. A study performed 
in the Southeast Atlantic has also described a 
different pattern in archaeal composition, where 
Nitrososphaeria relatives were abundant both on 
surface and subsurface, and Woesearchaeles 
only in the subsurface samples, contrasting 
with the vertical archaeal distribution found in 
our study (Varliero et al., 2019). Likewise, in 
our results, these authors found Lokiarchaeia 
in the subsurface sediments; however, groups 
found in our samples, such as Bathyarchaeia, 
Hadarchaeia, and MBG-D, were not detected. 
Looking at distant locations, the surface and sub-
surface archaeome of Guaymas Basin showed 
similar taxa to our study, such as bathyarchaeal 
lineages, Hadarchaeia, and MBG-D (Ramírez et 
al., 2020). However, other taxa such as ANME-1 
and Terrestrial Miscellaneous Euryarchaea Group 
(TMEG) were not detected among our samples; 
additionally, Lokiarchaeia and Woesearchaeles 
were not found in their study.

Potential influence of environmental 
settings on the archaeal diversity

Several geochemical and oceanographic fac-
tors may influence the archaeal distribution in the 
benthic marine ecosystems, such as water and 
sediment depths, water masses properties, geo-
logical features, location at the continental margin 
or open ocean, oceanographic currents, organic 
compounds supply, rates of subseafloor redox 
processes, labile or recalcitrant organic matter, 
among many others (Lazar et al., 2017; D’Hondt 
et al., 2019; Baker et al., 2020; Ramírez et al., 
2020). Among our sediment samples, we found 
a mud carbonate-rich characteristic influenced by 



Archaeal communities in Southwestern Atlantic sediments

Ocean and Coastal Research 2022, v70(suppl 2):e22047 13

Bendia et al.

the Intermediate Western Frontier Current (IWBC), 
which strongly flows northeastward (<0.3 m.sec−1), 
transporting the Antarctic Intermediate Water 
(AAIW) as a part of the Subtropical Gyre (Viana 
et al., 1998; Biló et al., 2014), and deposits and 
mixes sediments in the region (Maly et al., 2019). 
However, how these geochemical and oceano-
graphic factors locally affect the distribution 
and diversity of archaeal communities remains 
unknown.

Along these heterogeneities of environmen-
tal settings, the versatile metabolic pathways 
could allow the archaeal taxa to survive and 
thrive under a wide range of sedimentary habi-
tats (Oni et al., 2015; Baker et al., 2020). Within 
the SW Atlantic benthic archaeal communities, 
it seems that they are fueled by both autotro-
phic and heterotrophic processes, including the 
degradation of different labile and recalcitrant 
organic compounds, likely resulting from sedi-
mentation rates in the continental slope region 
deposited by IWBC. However, an investigation 
to elucidate the main geochemical and oceano-
graphic drivers of the archaeome from the deep 
SW Atlantic Ocean and their metabolic poten-
tials through metagenomic is underway.

CONCLUSION
Using high-throughput sequencing target-

ing the 16S rRNA gene, we described the ar-
chaeal community composition among surface 
and subsurface sediments from the SW Atlantic 
upper slope. We found that archaeal composi-
tion in the surface sediments presented simi-
lar patterns for deep-sea oxic sediments, be-
ing dominated mainly by ammonia-oxidizing 
archaea within Nitrososphaeria class. The 
Nitrososphaeria ASVs distribution among 0 to 
15 cm strata suggests the presence of several 
species or ecotypes. In the deep SW Atlantic 
subsurface, we detected several uncultivated 
anaerobic and still poorly described archaeal 
taxa, in which the composition showed to be 
distinct in comparison with the subsurface 
archaeome from other regions. These sub-
surface archaea include representatives of 
all supergroups (Asgard, TACK, DPANN, and 
Euryarchaeota). They potentially harbor diverse 

metabolic capabilities, including autotrophic 
and heterotrophic pathways, such as acetogen-
esis, methylotrophy, and degradation of several 
labile and recalcitrant organic compounds. One 
explanation for these diverse metabolic po-
tentials may be related to IWBC transport and 
sediment mixing along the continental slope, 
probably enriching these anaerobic archaeal 
lineages from the seafloor. These archaea may 
play an important role in the remineralization 
of organic matter. Nevertheless, their active 
roles in marine benthic biogeochemical cycles 
remain unknown, mainly due to the difficul-
ties in obtaining cultivated lineages. Further, 
the influence of the main geochemical and 
oceanographic drivers on the archaeal distribu-
tion along the deep SW Atlantic Ocean needs 
further investigations, in addition to the under-
standing of their metabolic potentials through 
a metagenomic approach and using replicates 
for statiscal analyses. Our study provides the 
first description of the archaeome in surface 
and subsurface sediments from the SW Atlantic 
slope, which are located in a carbonate-rich re-
gion considered a vulnerable marine ecosys-
tem that urges a better understanding for future 
conservation strategies.

ACKNOWLEDGMENTS
This research was carried out in association 

with the ongoing R&D project registered as ANP  
21012-0, “MARINE LIFE - BMC - OIL AND GAS 
SEEPS (BIOIL)” (Universidade de São Paulo 
/ Shell Brasil / ANP) – “Avaliação da Biologia e 
Geoquímica de Exsudações de Óleo e Gás na 
Costa Sudeste do Brasil”, sponsored by Shell Brasil 
under the ANP R&D levy as “Compromisso de 
Investimentos com Pesquisa e Desenvolvimento”. 
We are very thankful to the research teams of 
LECOM and MicrOcean Lab, and Rosa C. Gamba 
for their sampling and scientific support. We thank 
the captain and the crew of the R/V Alpha Crucis 
(IO-USP, FAPESP Process number 2010/06147-
5) for the essential support during the I BIOIL 
oceanographic cruise. BIOIL Project (Shell Brasil) 
supported the following fellowships: AGB, FMN 
and MCP postdoctoral fellowships; RBR Ph.D. fel-
lowship; and ACAB Master’s fellowship. MMdeM 



Archaeal communities in Southwestern Atlantic sediments

Ocean and Coastal Research 2022, v70(suppl 2):e22047 14

Bendia et al.

acknowledges the Brazilian National Council of 
Scientific and Technological Development (CNPq, 
grant 300962/2018-5).

We thank the anonymous reviewers for their 
valuable contribution for the improvement of the 
manuscript.

AUTHOR CONTRIBUTIONS
A.G.B.: Conceptualization; Methodology; Investigation; 

Formal Analysis; Writing – original draft; Writing – 
review & editing.

F.M.N.; A.C.A.B.; M.C.P.K.; R.B.R.; C.N.S.; R.A.L.; 
Methodology; Investigation; Formal Analysis; Writing – 
original draft; Writing – review & editing.

M.M.M.: Methodology; Investigation; Resources; Funding 
Acquisition; Formal Analysis; Writing – original draft; 
Writing – review & editing.

P.Y.G.S.: Supervision; Resources; Project Administration; 
Funding Acquisition; Writing – original draft; Writing – 
review & editing. 

V.H.P.: Supervision; Conceptualization; Investigation; 
Resources; Project Administration; Funding 
Acquisition; Writing – original draft; Writing – review 
& editing. 

REFERENCES
ANDERSON, M. J. 2001. Permutation tests for uni-

variate or multivariate analysis of variance and 
regression. Canadian Journal of Fisheries and 
Aquatic Sciences, 58(3), 626-639, DOI: https://doi.
org/10.1139/f01-004 

BAKER, B. J., ANDA, V., SEITZ, K. W., DOMBROWSKI, 
N., SANTORO, A. E. & LLOYD, K. G. 2020. Diversity, 
ecology and evolution of Archaea. Nature Microbiology, 
5(7), 887-900, DOI: https://doi.org/10.1038/s41564-
020-0715-z 

BAKER, B. J., SAW, J. H., LIND, A. E., LAZAR, C. S., HIN-
RICHS, K. U., TESKE, A. P. & ETTEMA, T. J. G. 2016. 
Genomic inference of the metabolism of cosmopolitan 
subsurface Archaea, Hadesarchaea. Nature Microbio-
logy, 1(3), 16002, DOI: https://doi.org/10.1038/nmicro-
biol.2016.2 

BENDIA, A. G., SIGNORI, C. N., NAKAMURA, F. M., 
BUTARELLI, A. C. A., PASSOS, J. G., RAMOS, R. 
B., SOARES, L. F., DE MAHIQUES, M. M., SUMI-
DA, P. Y. G. & PELLIZARI, V. H. 2021. Microbial 
perspective on the giant carbonate ridge Alpha Cru-
cis (Southwestern Atlantic upper slope). FEMS Mi-
crobiology Ecology, 97(8), fiab110, DOI: https://doi.
org/10.1093/femsec/fiab110

BILÓ, T. C., SILVEIRA, I. C. A., BELO, W. C., CASTRO, 
B. M. & PIOLA, A. R. 2014. Methods for estimating the 
velocities of the Brazil Current in the pre-salt reservoir 
area off southeast Brazil (23∘ S-26∘ S). Ocean Dynam-
ics, 64(10), 1431-1446, DOI: https://doi.org/10.1007/
s10236-014-0761-2

BOLYEN, E., RIDEOUT, J. R., DILLON, M. R., BOKULICH, 
N. A., ABNET, C. C., AL-GHALITH, G. A., ALEXANDER, 
H., ALM, E. J., ARUMUGAM, M., ASNICAR, F., BAI, Y., 
BISANZ, J. E., BITTINGER, K., BREJNROD, A., BRIS-
LAWN, C. J., BROWN, C. T., CALLAHAN, B. J., CARA-
BALLO-RODRÍGUEZ, A. M., CHASE, J., COPE, E. K., 
SILVA, R., DIENER, C., DORRESTEIN, P. C., DOUGLAS, 
G. M., DURALL, D. M., DUVALLET, C., EDWARDSON, C. 
F., ERNST, M., ESTAKI, M., FOUQUIER, J., GAUGLITZ, 
J. M., GIBBONS, S. M., GIBSON, D. L., GONZALEZ, A., 
GORLICK, K., GUO, J., HILLMANN, B., HOLMES, S., 
HOLSTE, H., HUTTENHOWER, C., HUTTLEY, G. A., 
JANSSEN, S., JARMUSCH, A. K., JIANG, L., KAEHLER, 
B. D., KANG, K. B., KEEFE, C. R., KEIM, P., KELLEY, S. 
T., KNIGHTS, D., KOESTER, I., KOSCIOLEK, T., KREPS, 
J., LANGILLE, M. G. I., LEE, J., LEY, R., LIU, Y. X., LOF-
TFIELD, E., LOZUPONE, C., MAHER, M., MAROTZ, C., 
MARTIN, B. D., MCDONALD, D., MCIVER, L. J., MELNIK, 
A. V., METCALF, J. L., MORGAN, S. C., MORTON, J. T., 
NAIMEY, A. T., NAVAS-MOLINA, J. A., NOTHIAS, L. F., 
ORCHANIAN, S. B., PEARSON, T., PEOPLES, S. L., PE-
TRAS, D., PREUSS, M. L., PRUESSE, E., RASMUSSEN, 
L. B., RIVERS, A., ROBESON, M. S., ROSENTHAL, P., 
SEGATA, N., SHAFFER, M., SHIFFER, A., SINHA, R., 
SONG, S. J., SPEAR, J. R., SWAFFORD, A. D., THOMP-
SON, L. R., TORRES, P. J., TRINH, P., TRIPATHI, A., TUR-
NBAUGH, P. J., UL-HASAN, S., VAN DER HOOFT, J. J. 
J., VARGAS, F., VÁZQUEZ-BAEZA, Y., VOGTMANN, E., 
VON HIPPEL, M., WALTERS, W., WAN, Y., WANG, M., 
WARREN, J., WEBER, K. C., WILLIAMSON, C. H. D., WI-
LLIS, A. D., XU, Z. Z., ZANEVELD, J. R., ZHANG, Y., ZHU, 
Q., KNIGHT, R. & CAPORASO, J. G. 2019. Reproducible, 
interactive, scalable and extensible microbiome data scien-
ce using QIIME 2. Nature Biotechnology, 37(8), 852-857, 
DOI: https://doi.org/10.1038/s41587-019-0209-9 

BORREL, G., BRUGÈRE, J. F., GRIBALDO, S., SCH-
MITZ, R. A. & MOISSL-EICHINGER, C. 2020. The 
host-associated archaeome. Nature Reviews Mi-
crobiology, 18(11), 622-636, DOI: https://doi.
org/10.1038/s41579-020-0407-y 

CALLAHAN, B. J., MCMURDIE, P. J. & HOLMES, S. P. 
2017. Exact sequence variants should replace opera-
tional taxonomic units in marker-gene data analysis. 
The ISME Journal, 11(12), 2639-2643, DOI: https://doi.
org/10.1038/ismej.2017.119

CASTELLE, C. J., WRIGHTON, K. C., THOMAS, B. C., 
HUG, L. A., BROWN, C. T., WILKINS, M. J., FRIS-
CHKORN, K. R., TRINGE, S. G., SINGH, A., MARKI-
LLIE, L. M., TAYLOR, R. C., WILLIAMS, K. H. & BAN-
FIELD, J. F. 2015. Genomic expansion of domain Ar-
chaea highlights roles for organisms from new phyla in 
anaerobic carbon cycling. Current Biology, 25(6), 690-
701, DOI: https://doi.org/10.1016/j.cub.2015.01.014

CHRONOPOULOU, P. M., SHELLEY, F., PRITCHARD, W. 
J., MAANOJA, S. T. & TRIMMER, M. 2017. Origin and 
fate of methane in the Eastern Tropical North Pacific 
oxygen minimum zone. The ISME Journal, 11(6), 1386-
1399, DOI: https://doi.org/10.1038/ismej.2017.6

CORINALDESI, C. 2015. New perspectives in benthic deep-
-sea microbial ecology. Frontiers in Marine Science, 2, 
17, DOI: https://www.frontiersin.org/article/10.3389/
fmars.2015.00017

https://doi.org/10.1139/f01-004
https://doi.org/10.1139/f01-004
https://doi.org/10.1038/s41564-020-0715-z
https://doi.org/10.1038/s41564-020-0715-z
https://doi.org/10.1038/nmicrobiol.2016.2
https://doi.org/10.1038/nmicrobiol.2016.2
https://doi.org/10.1093/femsec/fiab110
https://doi.org/10.1093/femsec/fiab110
https://doi.org/10.1007/s10236-014-0761-2
https://doi.org/10.1007/s10236-014-0761-2
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41579-020-0407-y
https://doi.org/10.1038/s41579-020-0407-y
https://doi.org/10.1038/ismej.2017.119
https://doi.org/10.1038/ismej.2017.119
https://doi.org/10.1016/j.cub.2015.01.014
https://doi.org/10.1038/ismej.2017.6
https://www.frontiersin.org/article/10.3389/fmars.2015.00017
https://www.frontiersin.org/article/10.3389/fmars.2015.00017


Archaeal communities in Southwestern Atlantic sediments

Ocean and Coastal Research 2022, v70(suppl 2):e22047 15

Bendia et al.

COZANNET, M., BORREL, G., ROUSSEL, E., MOA-
LIC, Y., ALLIOUX, M., SANVOISIN, A., TOFFIN, L. 
& ALAIN, K. 2021. New insights into the ecology 
and physiology of Methanomassiliicoccales from ter-
restrial and aquatic environments. Microorganisms, 
9(1), 30, DOI: https://doi.org/10.3390/microorganis-
ms9010030

D’HONDT, S., POCKALNY, R., FULFER, V. M. & SPIVA-
CK, A. J. 2019. Subseafloor life and its biogeochemical 
impacts. Nature Communications, 10(1), 3519, DOI: ht-
tps://doi.org/10.1038/s41467-019-11450-z 

DOMBROWSKI, N., LEE, J. H., WILLIAMS, T. A., OFFRE, 
P. & SPANG, A. 2019. Genomic diversity, lifestyles 
and evolutionary origins of DPANN archaea. FEMS 
Microbiology Letters, 366(2), fnz008, DOI: https://doi.
org/10.1093/femsle/fnz008 

EVANS, P. N., PARKS, D. H., CHADWICK, G. L., ROBBINS, 
S. J., ORPHAN, V. J., GOLDING, S. D. & TYSON, G. 
W. 2015. Methane metabolism in the archaeal phylum 
Bathyarchaeota revealed by genome-centric metage-
nomics. Science, 350(6259), 434-438, DOI: https://doi.
org/10.1126/science.aac7745 

HE, Y., LI, M., PERUMAL, V., FENG, X., FANG, J., XIE, 
J., SIEVERT, S. M. & WANG, F. 2016. Genomic and 
enzymatic evidence for acetogenesis among multi-
ple lineages of the archaeal phylum Bathyarchaeota 
widespread in marine sediments. Nature Microbio-
logy, 1(6), 1-9, DOI: https://doi.org/10.1038/nmicro-
biol.2016.35 

HOSHINO, T., DOI, H., URAMOTO, G. I., WÖRMER, L., 
ADHIKARI, R. R., XIAO, N., MORONO, Y., D’HONDT, 
S., HINRICHS, K. U. & INAGAKI, F. 2020. Global di-
versity of microbial communities in marine sediment. 
Proceedings of the National Academy of Sciences, 
117(44), 27587-27597, DOI: https://doi.org/10.1073/
pnas.1919139117 

HOSHINO, T. & INAGAKI, F. 2019. Abundance and distri-
bution of Archaea in the subseafloor sedimentary bios-
phere. The ISME Journal, 13(1), 227-231, DOI: https://
doi.org/10.1038/s41396-018-0253-3 

IMACHI, H., NOBU, M. K., NAKAHARA, N., MORONO, Y., 
OGAWARA, M., TAKAKI, Y., TAKANO, Y., UEMATSU, 
K., IKUTA, T., ITO, M., MATSUI, Y., MIYAZAKI, M., MU-
RATA, K., SAITO, Y., SAKAI, S., SONG, C., TASUMI, E., 
YAMANAKA, Y., YAMAGUCHI, T., KAMAGATA, Y., TA-
MAKI, H. & TAKAI, K. 2020. Isolation of an archaeon at 
the prokaryote–eukaryote interface. Nature, 577(7791), 
519-525, DOI: https://doi.org/10.1038/s41586-019-
1916-6 

KATOH, K., MISAWA, K., KUMA, K. & MIYATA, T. 2002. 
MAFFT: a novel method for rapid multiple sequence 
alignment based on fast Fourier transform. Nucleic 
Acids Research, 30(14), 3059-3066, DOI: https://doi.
org/10.1093/nar/gkf436 

KEROU, M., PONCE-TOLEDO, R. I., ZHAO, R., ABBY, S. 
S., HIRAI, M., NOMAKI, H., TAKAKI, Y., NUNOURA, T., 
JØRGENSEN, S. L. & SCHLEPER, C. 2021. Genomes 
of Thaumarchaeota from deep sea sediments reveal 
specific adaptations of three independently evolved li-
neages. The ISME Journal, 15(9), 2792-2808, DOI: ht-
tps://doi.org/10.1038/s41396-021-00962-6 

KONG, Y., LEI, H., ZHANG, Z., CHENG, W., WANG, B., 
PAN, F., HUANG, F., HUANG, F. & LI, W. 2021. Depth 
profiles of geochemical features, geochemical activities 
and biodiversity of microbial communities in marine se-
diments from the Shenhu area, the northern South Chi-
na Sea. Science of The Total Environment, 779, 146233, 
DOI: https://doi.org/10.1016/j.scitotenv.2021.146233 

KRÖNINGER, L., BERGER, S., WELTE, C. & DEPPEN-
MEIER, U. 2016. Evidence for the involvement of two 
heterodisulfide reductases in the energy-conserving 
system of Methanomassiliicoccus luminyensis. The 
FEBS Journal, 283(3), 472-483, DOI: https://doi.
org/10.1111/febs.13594 

LAURO, F. M. & BARTLETT, D. H. 2008. Prokaryotic lifes-
tyles in deep sea habitats. Extremophiles, 12(1), 15-25, 
DOI: https://doi.org/10.1007/s00792-006-0059-5 

LAZAR, C. S., BAKER, B. J., SEITZ, K. W. & TESKE, A. 
P. 2017. Genomic reconstruction of multiple lineages 
of uncultured benthic archaea suggests distinct bio-
geochemical roles and ecological niches. The ISME 
Journal, 11(5), 1118-1129, DOI: https://doi.org/10.1038/
ismej.2016.189 

LI, Y., CAO, W., WANG, Y. & MA, Q. 2019. Microbial diver-
sity in the sediments of the southern Mariana Trench. 
Journal of Oceanology and Limnology, 37(3), 1024-
1029, DOI: https://doi.org/10.1007/s00343-019-8131-z 

LI, Y., ZHU, X., ZHANG, W., ZHU, D., ZHOU, X. & ZHANG, 
L. 2019. Archaeal communities in the deep-sea se-
diments of the South China Sea revealed by Illumina 
high-throughput sequencing. Annals of Microbiology, 
69(8), 839-848, DOI: https://doi.org/10.1007/s13213-
019-01477-4 

LIN, G., HUANG, J., LU, J., SU, M., HU, B. & LIN, X. 2021. 
Geochemical and microbial insights into vertical distribu-
tions of genetic potential of N-cycling processes in deep-
-sea sediments. Ecological Indicators, 125, 107461, 
DOI: https://doi.org/10.1016/j.ecolind.2021.107461 

LIU, X., LI, M., CASTELLE, C. J., PROBST, A. J., ZHOU, 
Z., PAN, J., LIU, Y., BANFIELD, J. F. & GU, J. D. 2018. 
Insights into the ecology, evolution, and metabolism of 
the widespread Woesearchaeotal lineages. Microbio-
me, 6(1), 102, DOI: https://doi.org/10.1186/s40168-
018-0488-2 

LIU, X., PAN, J., LIU, Y., LI, M. & GU, J. D. 2018. Diver-
sity and distribution of Archaea in global estuarine 
ecosystems. Science of The Total Environment, 637-
638, 349-358, DOI: https://doi.org/10.1016/j.scito-
tenv.2018.05.016 

LIU, X., WANG, Y. & GU, J. D. 2021. Ecological distribu-
tion and potential roles of Woesearchaeota in anae-
robic biogeochemical cycling unveiled by genomic 
analysis. Computational and Structural Biotechnology 
Journal, 19, 794-800, DOI: https://doi.org/10.1016/j.
csbj.2021.01.013 

MALY, M., SCHATTNER, U., LOBO, F. J., DIAS, R. J. S., 
RAMOS, R. B., COUTO, D. M., SUMIDA, P. Y. G. & DE 
MAHIQUES, M. M. 2019. The Alpha Crucis Carbonate 
Ridge (ACCR): discovery of a giant ring-shaped carbon-
ate complex on the SW Atlantic margin. Scientific Re-
ports, 9(1), 18697, DOI: https://doi.org/10.1038/s41598-
019-55226-3 

https://doi.org/10.3390/microorganisms9010030
https://doi.org/10.3390/microorganisms9010030
https://doi.org/10.1038/s41467-019-11450-z
https://doi.org/10.1038/s41467-019-11450-z
https://doi.org/10.1093/femsle/fnz008
https://doi.org/10.1093/femsle/fnz008
https://doi.org/10.1126/science.aac7745
https://doi.org/10.1126/science.aac7745
https://doi.org/10.1038/nmicrobiol.2016.35
https://doi.org/10.1038/nmicrobiol.2016.35
https://doi.org/10.1073/pnas.1919139117
https://doi.org/10.1073/pnas.1919139117
https://doi.org/10.1038/s41396-018-0253-3
https://doi.org/10.1038/s41396-018-0253-3
https://doi.org/10.1038/s41586-019-1916-6
https://doi.org/10.1038/s41586-019-1916-6
https://doi.org/10.1093/nar/gkf436
https://doi.org/10.1093/nar/gkf436
https://doi.org/10.1038/s41396-021-00962-6
https://doi.org/10.1038/s41396-021-00962-6
https://doi.org/10.1016/j.scitotenv.2021.146233
https://doi.org/10.1111/febs.13594
https://doi.org/10.1111/febs.13594
https://doi.org/10.1007/s00792-006-0059-5
https://doi.org/10.1038/ismej.2016.189
https://doi.org/10.1038/ismej.2016.189
https://doi.org/10.1007/s00343-019-8131-z
https://doi.org/10.1007/s13213-019-01477-4
https://doi.org/10.1007/s13213-019-01477-4
https://doi.org/10.1016/j.ecolind.2021.107461
https://doi.org/10.1186/s40168-018-0488-2
https://doi.org/10.1186/s40168-018-0488-2
https://doi.org/10.1016/j.scitotenv.2018.05.016
https://doi.org/10.1016/j.scitotenv.2018.05.016
https://doi.org/10.1016/j.csbj.2021.01.013
https://doi.org/10.1016/j.csbj.2021.01.013
https://doi.org/10.1038/s41598-019-55226-3
https://doi.org/10.1038/s41598-019-55226-3


Archaeal communities in Southwestern Atlantic sediments

Ocean and Coastal Research 2022, v70(suppl 2):e22047 16

Bendia et al.

MCMURDIE, P. J. & HOLMES, S. 2012. Phyloseq: a 
bioconductor package for handling and analysis of 
high-throughput phylogenetic sequence data. Pacific 
Symposium on Biocomputing. Pacific Symposium on 
Biocomputing, 235-246.

MILKOV, A. V. 2004. Global estimates of hydrate-bound 
gas in marine sediments: how much is really out there? 
Earth-Science Reviews, 66(3-4), 183-197.

NUNOURA, T., NISHIZAWA, M., KIKUCHI, T., TSUBOUCHI, 
T., HIRAI, M., KOIDE, O., MIYAZAKI, J., HIRAYAMA, H., 
KOBA, K. & TAKAI, K. 2013. Molecular biological and isoto-
pic biogeochemical prognoses of the nitrification-driven dy-
namic microbial nitrogen cycle in hadopelagic sediments. 
Environmental Microbiology, 15(11), 3087-3107, DOI: ht-
tps://doi.org/10.1111/1462-2920.12152 

OFFRE, P., SPANG, A. & SCHLEPER, C. 2013. Archaea 
in Biogeochemical Cycles. Annual Review of Micro-
biology, 67(1), 437-457, DOI: https://doi.org/10.1146/
annurev-micro-092412-155614 

ONI, O. E., SCHMIDT, F., MIYATAKE, T., KASTEN, S., 
WITT, M., HINRICHS, K. U. & FRIEDRICH, M. W. 2015. 
Microbial communities and organic matter composition 
in surface and subsurface sediments of the Helgoland 
mud area, North Sea. Frontiers in Microbiology, 6, 
1290, DOI: https://www.frontiersin.org/article/10.3389/
fmicb.2015.01290 

ORSI, W. D., VUILLEMIN, A., RODRIGUEZ, P., COSKUN, Ö. 
K., GOMEZ-SAEZ, G. V., LAVIK, G., MOHRHOLZ, V. & 
FERDELMAN, T. G. 2020. Metabolic activity analyses de-
monstrate that Lokiarchaeon exhibits homoacetogenesis in 
sulfidic marine sediments. Nature Microbiology, 5(2), 248-
255, DOI: https://doi.org/10.1038/s41564-019-0630-3 

PARADA, A. E., NEEDHAM, D. M. & FUHRMAN, J. A. 
2016. Every base matters: assessing small subunit 
rRNA primers for marine microbiomes with mock com-
munities, time series and global field samples. Environ-
mental Microbiology, 18(5), 1403-1414, DOI: https://doi.
org/10.1111/1462-2920.13023 

PRICE, M. N., DEHAL, P. S. & ARKIN, A. P. 2009. FastTree: 
computing large minimum evolution trees with profiles 
instead of a distance matrix. Molecular Biology and Evo-
lution, 26(7), 1641-1650, DOI: https://doi.org/10.1093/
molbev/msp077 

RAMÍREZ, G. A., MCKAY, L. J., FIELDS, M. W., BUCK-
LEY, A., MORTERA, C., HENSEN, C., RAVELO, A. C. 
& TESKE, A. P. 2020. The Guaymas Basin subseafloor 
sedimentary archaeome reflects complex environmen-
tal histories. IScience, 23(9), 101459, DOI: https://doi.
org/10.1016/j.isci.2020.101459 

RAMOS, R. B., SANTOS, R. F., SCHATTNER, U., FIGUEI-
RA, R. C. L., BÍCEGO, M. C., LOBO, F. J. & DE MAHI-
QUES, M. M. 2020. Deep pockmarks as natural sedi-
ment traps: a case study from southern Santos Basin 
(SW Atlantic upper slope). Geo-Marine Letters, 40(6), 
989-999, DOI: https://doi.org/10.1007/s00367-019-
00617-8 

ROMANO, R. G., BENDIA, A. G., MOREIRA, J. C. F., 
FRANCO, D. C., SIGNORI, C. N., YU, T., WANG, F., 
JOVANE, L. & PELLIZARI, V. H. 2021. Bathyarchaeia 
occurrence in rich methane sediments from a Brazilian 
ría. Estuarine, Coastal and Shelf Science, 263, 107631, 
DOI: https://doi.org/10.1016/j.ecss.2021.107631 

SOUTELINO, R. G., GANGOPADHYAY, A. & SILVEIRA, I. 
C. A. 2013. The roles of vertical shear and topography 
on the eddy formation near the site of origin of the Brazil 
Current. Continental Shelf Research, 70, 46-60, DOI: 
https://doi.org/10.1016/j.csr.2013.10.001 

SPANG, A., SAW, J. H., JØRGENSEN, S. L., ZAREMBA-
NIEDZWIEDZKA, K., MARTIJN, J., LIND, A. E., VAN 
EIJK, R., SCHLEPER, C., GUY, L. & ETTEMA, T. J. G. 
2015. Complex archaea that bridge the gap between 
prokaryotes and eukaryotes. Nature, 521(7551), 173-
179, DOI: https://doi.org/10.1038/nature14447

SUMIDA, P. Y., PELLIZARI, V. H., LOURENÇO, R. A., 
SIGNORI, C. N., BENDIA, A. G., CARRERETTE, O., 
NAKAMURA, F. M., RAMOS, R. B., BERGAMO G., 
SOUZA, B. H. M., BUTARELLI, A. C. A., PASSOS, J. 
G., DIAS, R. J. S., MALY, M., BANHA, T. N., GÜTH, A. 
Z., SOARES, L. F., PERUGINO, P. D. N., SANTOS, F. 
R., SANTANA, F. R. & DE MAHIQUES, M. M. D. 2022. 
Seep hunting in the Santos Basin, Southwest Atlan-
tic: sampling strategy and employed methods of the 
multidisciplinary cruise BIOIL 1. Ocean and Coastal 
Research, 70(Suppl 2), e22031, DOI: https://doi.
org/10.1590/2675-2824070.22077pygs 

TAHON, G., GEESINK, P. & ETTEMA, T. J. G. 2021. Expand-
ing archaeal diversity and phylogeny: past, present, and fu-
ture. Annual Review of Microbiology, 75(1), 359-381, DOI: 
https://doi.org/10.1146/annurev-micro-040921-050212

TREVIZANI, T. H., NAGAI, R. H., FIGUEIRA, R. C. L., SUMI-
DA, P. Y. G. & DE MAHIQUES, M. M. 2022. Chemical char-
acterization of deep-sea corals from the continental slope 
of Santos Basin (southeastern Brazilian upper margin). 
Ocean and Coastal Research, 70(Suppl 2), e22018, DOI: 
http://doi.org/10.1590/2675-2824070.21108tht

VARLIERO, G., BIENHOLD, C., SCHMID, F., BOETIUS, A. & 
MOLARI, M. 2019. Microbial diversity and connectivity in 
deep-sea sediments of the South Atlantic Polar Front. Fron-
tiers in Microbiology, 10, 665, DOI: https://www.frontiersin.
org/article/10.3389/fmicb.2019.00665 

VIANA, A. R., FAUGÈRES, J. C. & STOW, D. A. V. 1998. 
Bottom-current-controlled sand deposits — a review 
of modern shallow- to deep-water environments. Se-
dimentary Geology, 115(1), 53-80, DOI: https://doi.
org/10.1016/S0037-0738(97)00087-0 

VUILLEMIN, A., WANKEL, S. D., COSKUN, Ö. K., MA-
GRITSCH, T., VARGAS, S., ESTES, E. R., SPIVACK, 
A. J., SMITH, D. C., POCKALNY, R., MURRAY, R. W., 
D’HONDT, S. & ORSI, W. D. 2019. Archaea domina-
te oxic subseafloor communities over multimillion-year 
time scales. Science Advances, 5(6), eaaw4108, DOI: 
https://doi.org/10.1126/sciadv.aaw4108 

https://doi.org/10.1111/1462-2920.12152
https://doi.org/10.1111/1462-2920.12152
https://doi.org/10.1146/annurev-micro-092412-155614
https://doi.org/10.1146/annurev-micro-092412-155614
https://www.frontiersin.org/article/10.3389/fmicb.2015.01290
https://www.frontiersin.org/article/10.3389/fmicb.2015.01290
https://doi.org/10.1038/s41564-019-0630-3
https://doi.org/10.1111/1462-2920.13023
https://doi.org/10.1111/1462-2920.13023
https://doi.org/10.1093/molbev/msp077
https://doi.org/10.1093/molbev/msp077
https://doi.org/10.1016/j.isci.2020.101459
https://doi.org/10.1016/j.isci.2020.101459
https://doi.org/10.1007/s00367-019-00617-8
https://doi.org/10.1007/s00367-019-00617-8
https://doi.org/10.1016/j.ecss.2021.107631
https://doi.org/10.1016/j.csr.2013.10.001
https://doi.org/10.1038/nature14447
https://doi.org/10.1590/2675-2824070.22077pygs
https://doi.org/10.1590/2675-2824070.22077pygs
https://doi.org/10.1146/annurev-micro-040921-050212
http://doi.org/10.1590/2675-2824070.21108tht
https://www.frontiersin.org/article/10.3389/fmicb.2019.00665
https://www.frontiersin.org/article/10.3389/fmicb.2019.00665
https://doi.org/10.1016/S0037-0738(97)00087-0
https://doi.org/10.1016/S0037-0738(97)00087-0
https://doi.org/10.1126/sciadv.aaw4108


Archaeal communities in Southwestern Atlantic sediments

Ocean and Coastal Research 2022, v70(suppl 2):e22047 17

Bendia et al.

WANG, J., KAN, J., ZHANG, XIAODONG, XIA, Z., 
ZHANG, XUECHENG, QIAN, G., MIAO, Y., LENG, 
X. & SUN, J. 2017. Archaea dominate the ammonia-
-oxidizing community in deep-sea sediments of the 
Eastern Indian Ocean—from the Equator to the 
Bay of Bengal. Frontiers in Microbiology, 8, 415, 
DOI: https://www.frontiersin.org/article/10.3389/fmi-
cb.2017.00415 

YIN, X., CAI, M., LIU, Y., ZHOU, G., RICHTER-HEIT-
MANN, T., AROMOKEYE, D. A., KULKARNI, A. C., 
NIMZYK, R., CULLHED, H., ZHOU, Z., PAN, J., 
YANG, Y., GU, J. D., ELVERT, M., LI, M. & FRIE-
DRICH, M. W. 2021. Subgroup level differences of 
physiological activities in marine Lokiarchaeota. 
The ISME Journal, 15(3), 848-861, DOI: https://doi.
org/10.1038/s41396-020-00818-5 

YU, T., LIANG, Q., NIU, M. & WANG, F. 2017. High oc-
currence of Bathyarchaeota (MCG) in the deep-sea 
sediments of South China Sea quantified using newly 
designed PCR primers. Environmental Microbiology Re-
ports, 9(4), 374-382, DOI: https://doi.org/10.1111/1758-
2229.12539 

ZAREMBA-NIEDZWIEDZKA, K., CACERES, E. F., SAW, J. 
H., BÄCKSTRÖM, D., JUZOKAITE, L., VANCAESTER, 
E., SEITZ, K. W., ANANTHARAMAN, K., STAR-
NAWSKI, P., KJELDSEN, K. U., STOTT, M. B., NUNOU-
RA, T., BANFIELD, J. F., SCHRAMM, A., BAKER, B. 
J., SPANG, A. & ETTEMA, T. J. G. 2017. Asgard ar-
chaea illuminate the origin of eukaryotic cellular com-
plexity. Nature, 541(7637), 353-358, DOI: https://doi.
org/10.1038/nature21031 

ZHAO, R., DAHLE, H., RAMÍREZ, G. A. & JØRGENSEN, S. L. 
2020. Indigenous ammonia-oxidizing archaea in oxic sub-
seafloor oceanic crust. MSystems, 5(2), e00758-19, DOI: 
https://doi.org/10.1128/mSystems.00758-19 

ZHAO, R., HANNISDAL, B., MOGOLLON, J. M. & JØRGEN-
SEN, S. L. 2019. Nitrifier abundance and diversity peak at 
deep redox transition zones. Scientific Reports, 9(1), 8633, 
DOI: https://doi.org/10.1038/s41598-019-44585-6 

ZHONG, H., LEHTOVIRTA-MORLEY, L., LIU, J., ZHENG, 
Y., LIN, H., SONG, D., TODD, J. D., TIAN, J. & ZHANG, 
X. H. 2020. Novel insights into the Thaumarchaeota 
in the deepest oceans: their metabolism and potential 
adaptation mechanisms. Microbiome, 8(1), 78, DOI: ht-
tps://doi.org/10.1186/s40168-020-00849-2 

ZHOU, Z., LIU, Y., LLOYD, K. G., PAN, J., YANG, Y., GU, J. 
D. & LI, M. 2019. Genomic and transcriptomic insights 
into the ecology and metabolism of benthic archaeal 
cosmopolitan, Thermoprofundales (MBG-D archaea). 
The ISME Journal, 13(4), 885-901, DOI: https://doi.
org/10.1038/s41396-018-0321-8 

ZHUANG, G. C., HEUER, V. B., LAZAR, C. S., GOLDHAM-
MER, T., WENDT, J., SAMARKIN, V. A., ELVERT, M., 
TESKE, A. P., JOYE, S. B. & HINRICHS, K. U. 2018. 
Relative importance of methylotrophic methanogenesis 
in sediments of the Western Mediterranean Sea. Geo-
chimica et Cosmochimica Acta, 224, 171-186, DOI: ht-
tps://doi.org/10.1016/j.gca.2017.12.024 

ZOU, D., LIU, H. & LI, M. 2020. Community, distribution, 
and ecological roles of estuarine Archaea. Frontiers in 
Microbiology, 11, 2060, DOI: https://doi.org/10.3389/
fmicb.2020.02060

https://www.frontiersin.org/article/10.3389/fmicb.2017.00415
https://www.frontiersin.org/article/10.3389/fmicb.2017.00415
https://doi.org/10.1038/s41396-020-00818-5
https://doi.org/10.1038/s41396-020-00818-5
https://doi.org/10.1111/1758-2229.12539
https://doi.org/10.1111/1758-2229.12539
https://doi.org/10.1038/nature21031
https://doi.org/10.1038/nature21031
https://doi.org/10.1128/mSystems.00758-19
https://doi.org/10.1038/s41598-019-44585-6
https://doi.org/10.1186/s40168-020-00849-2
https://doi.org/10.1186/s40168-020-00849-2
https://doi.org/10.1038/s41396-018-0321-8
https://doi.org/10.1038/s41396-018-0321-8
https://doi.org/10.1016/j.gca.2017.12.024
https://doi.org/10.1016/j.gca.2017.12.024
https://doi.org/10.3389/fmicb.2020.02060
https://doi.org/10.3389/fmicb.2020.02060

