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• Atlantic deposits showed lower diversity
and richness compared to Pacific deposits.

• Fe-Mn crusts and nodules are a potential
specific ecological niche.

• Atlantic Fe-Mn deposits harbor an unusual
and unknown microbiome.

• Temperature, salinity, depth, and sub-
strate geochemistry at Atlantic Fe-Mn de-
posits may drive community composition.
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 Mining of deep-sea Fe-Mn deposits will remove crusts and nodules from the seafloor. The growth of these minerals
takes millions of years, yet little is known about their microbiome. Besides being key elements of the biogeochemical
cycles and essential links of food and energy to deep-sea, microbes have been identified to affect manganese oxide for-
mation. In this study, we determined the composition and diversity of Bacteria and Archaea in deep-sea Fe-Mn crusts,
nodules, and associated sediments from two areas in theAtlantic Ocean, the Tropic Seamount and the Rio Grande Rise.
Samples were collected using ROV and dredge in 2016 and 2018 oceanographic campaigns, and the 16S rRNA gene
was sequenced using Illumina platform. Additionally, we compared our results with microbiome data of Fe-Mn crusts,
nodules, and sediments from Clarion-Clipperton Zone and Takuyo-Daigo Seamount in the Pacific Ocean. We found
that Atlantic seamounts harbor an unusual and unknown Fe-Mn deposit microbiomewith lower diversity and richness
compared to Pacific areas. Crusts and nodules fromAtlantic seamounts have unique taxa (Alteromonadales, Nitrospira,
and Magnetospiraceae) and a higher abundance of potential metal-cycling bacteria, such as Betaproteobacteriales and
Pseudomonadales. The microbial beta-diversity from Atlantic seamounts was clearly grouped into microhabitats ac-
cording to sediments, crusts, nodules, and geochemistry. Despite the time scale of million years for these deposits to
grow, a combination of environmental settings played a significant role in shaping the microbiome of crusts and nod-
ules. Our results suggest that microbes of Fe-Mn deposits are key in biogeochemical reactions in deep-sea ecosystems.
These findings demonstrate the importance of microbial community analysis in environmental baseline studies for
areas within the potential of deep-sea mining.
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1. Introduction

Seamounts and oceanic rises support unique biomes in the deep-sea and
are globally distributed across the ocean seafloor (Shi et al., 2020). They are
important habitats for marine species dispersion and evolution (Shi et al.,
2020). The distinctive oceanographic features of seamounts, such as geo-
graphical isolation, topographically induced turbulent water mixing, and
rapid current speeds are favorable conditions to establish multiple benthic
assemblages (Boehlert and Genin, 1987; Samadi et al., 2007). Furthermore,
the seamount flanks are frequently covered by volcanic rocks with variable
amounts of ferromanganese (Fe-Mn) crusts (Asavin et al., 2008; Yeo et al.,
2018).

Benthic microorganisms are potentially involved in the elemental tran-
sition between sea-water and Fe-Mn crusts (Kato et al., 2019; Wang and
Muller, 2009). Indeed, recently was isolated a chemolithoautotrophic
manganese-oxidizing Nitrospirae capable of precipitating Mn (Yu and
Leadbetter, 2020). Besides, microorganisms are essential contributors to
marine biogeochemical cycles and possibly supply high productivity
found in seamounts (Leitner et al., 2020; Morato et al., 2010; Rowden
et al., 2010). Bacteria and Archaea have been studied in the deep ocean,
where they are diverse and possibly supply the energy flow in the Pacific
and Atlantic seamounts (Bergo et al., 2021; Fullerton et al., 2017; Liu
et al., 2019; Orcutt et al., 2020).

The growing global demand for metals and rare metals has renewed in-
terest in mining Fe-Mn crusts and nodules (Orcutt et al., 2020). Deep-sea
mining operations will disturb or erode the seafloor and create near-
bottom sediment plumes (Miller et al., 2018), consequently affecting
micro- and macrobenthic life. Despite all the studies that have been con-
ducted since Fe-Mn deposits were discovered in the 1870s ((Murray and
Renard, 1891)), little is known about the microbial diversity of seamount
environments (Molari et al., 2020), especially in the Atlantic Ocean
(Bergo et al., 2021). Most efforts to study Atlantic seamounts with Fe-Mn
deposits have been to assessed mineral resources and their megafaunal
community (Benites et al., 2020; Montserrat et al., 2019; Perez et al.,
2018; Ramiro-Sánchez et al., 2019; Yeo et al., 2018). Previous studies on
the diversity, taxonomy, and functions of microbial communities of sea-
mount with Fe-Mn deposits have mainly focused on the Pacific Ocean
(Kato et al., 2018; Kato et al., 2019; Liu et al., 2019; Nitahara et al., 2017).

In this study, we investigated the diversity of bacterial and archaeal
communities associated with Fe-Mn crusts, nodules, and sediments from
the Tropic Seamount (Northeast Atlantic Ocean) and Rio Grande Rise
(RGR) (Southwest Atlantic Ocean). We also compared them with other
Fe-Mn crusts, nodules, and sediments from the Clarion-Clipperton Zone
and Takuyo-Daigo Seamount in the Pacific Ocean. Our main goal was to in-
crease understanding of the (1)microbial diversity in Fe-Mn deposits in sea-
mounts from different ocean basins (Atlantic and Pacific);
(2) environmental settings and crust and nodule chemical features that in-
fluence the microbial community within Fe-Mn deposits from Atlantic sea-
mounts; (3) differences between community members in Fe-Mn crusts and
sediments from Atlantic seamounts; and (4) potential roles of the microbial
community in biogeochemical processes of Fe-Mn deposits and associated
sediments in Atlantic seamounts. To address these objectives, we collected
samples of Fe-Mn crusts, nodules, and sediments from Tropic seamount,
and crusts and sediments from RGR, and sequenced the 16 rRNA genes
on an Illumina platform.

2. Materials and methods

2.1. Field sampling in Atlantic seamounts

Samples of Fe-Mn crusts, nodules, and associated sediments were col-
lected from the Tropic Seamount (23°55′ N, 20° 45′W) and RGR (31°0′ N,
36° 0′W) in the Northeast and Southwestern Atlantic Ocean, respectively.
The Tropic is a flat-topped seamount (guyot) raised from 4000m to approx-
imately 1000 mwater depth and located off the passive continental margin
ofWest Africa (Koschinsky et al., 1996; Yeo et al., 2018) (Fig. 1A). The RGR
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is an extensive oceanic rise of nearly 150,000 km2 rising from approxi-
mately 4000 to 600 m water depth, and located about 1000 km away
from the Brazilian coast, between Brazil and Argentine oceanic basins
(Cavalcanti et al., 2015; Montserrat et al., 2019) (Fig. 1A).

Samples were collected in two scientific cruises during the Marine E-
Tech project, cruise JC142 onboard the Royal Research Ship James Cook
(National Oceanographic Centre, United Kingdom) in October 2016 and
cruise RGR1 onboard the Research Vessel Alpha Crucis (Universidade de
São Paulo, Brazil) in February 2018 (Supplementary Table 1). On both
cruises, Fe-Mn crusts and nodules were aseptically retrieved from the
ROV and the dredge area. The surface of each crust and nodule sample
was washed with 5 ml of seawater previously filtered with a 0.2 μm-pore
polycarbonate membrane to remove loosely attached particles. Sediments
were collected by push core and box core, and subsampled into depth inter-
vals of 0–5, 5–10, and 10–15 cmby shipboard subcoring for push core and a
sterile spatula in the case of box corer. All samples were stored in sterile
Whirl-Pak bags at −80 °C.

2.2. Geochemical analysis of Fe-Mn crusts, nodules, and sediments

Wedetermined the composition ofmajor elements of Fe-Mn crusts, nod-
ules, and associated sediments using a benchtopwavelength dispersive XRF
spectrometer Supermini200 Rigaku with a Pd-anode x-ray tube of 50 kV
and 4 mA of power. A scintillation counter was used to detect heavy ele-
ments (Ti to U) and a gas-flow proportional counter for light elements (O
to Sc). Samples were weighed and heated in an oven at 105 °C for 24 h to
release the sorbed water. Subsequently, samples were powdered using an
agate mortar and pestle, sieved through a < 150 μm mesh, loaded into
the XRF equipment and analyzed in a He atmosphere at Centro
Oceanográfico de Registros Estratigráficos (CORE), Instituto Ocenográfico,
Universidade de São Paulo.

Micronutrients (B, Cu, Fe, Mn, and Zn), organic matter, organic carbon,
total nitrogen, nitrate, ammonia, and sulfate were analyzed in the sedi-
ment's samples at Luiz de Queiroz College of Agriculture (Department of
Soil Sciences, ESALQ-USP, Brazil) according to methods previously de-
scribed (Van Raij et al., 2001).

2.3. Statistical analysis of hydrographic and geochemical data

Deepwater hydrographic data (temperature, salinity, and depth) from
the Clarion-Clipperton Zone and Takuyo-Daigo seamount were
downloaded from the National Center for Biotechnology Information
(NCBI) and the DNA Data Bank of Japan (DDBJ) databases, respectively
(Kato et al., 2018; Lindh et al., 2017). We applied principal component
analysis (PCA) based on Euclidean distance to the environmental parame-
ters (latitude, longitude, temperature, salinity, and depth) to detect similar-
ities of oceanographic features among oceans. We also used a PCA based on
Euclidean distances to determine the influence of different environmental
parameters (nitrogen and sulfur compounds, micronutrients, and chemical
compositions) to investigate their effect on the sample distributions. For
both analyses, the samples were classified according to their sampling loca-
tion across the oceans. Additionally, we performed the Wilcoxon matched
pair using the vegan package to verify differences in oxides, micronutrients,
nitrogen, and sulfur compounds concentrations between Tropic Seamount
and RGR.

2.4. DNA extraction, 16S rRNA gene amplification, and sequencing

The Fe-Mn crust and nodule surface (0–10 mm) was subsampled using
sterile hammers and chisels and then crushed in a sterile agate mortar.
DNA was extracted from 5 g of crust, nodule, and sediment aliquots with
FastDNA™ SPIN Kit for soil (MPBiomedical), according to the manufactur-
er's protocol (Lindh et al., 2017; Shulse et al., 2017).

The V3 and V4 region of the 16S rRNA gene was amplified with the
primer set 515F (5′ – GTGCCAGCMGCCGCGGTAA - 3′) and 926R (5′ –
CCGYCAATTYMTTTRAGTTT - 3′) (Parada et al., 2016). Negative (no



Fig. 1. Study areas in the Atlantic and Pacific oceans and principal component analysis for physicochemical parameters. (a) Amap of the study regions showing the sampling
area from Tropic Seamount in the Northeast Atlantic Ocean and Rio Grande Rise in the Southwest Atlantic Ocean (white circles, collected in this study) and sampling area
fromClarion-Clipperton Zone and Takuyo-Daigo Seamount in the North Pacific Ocean (blue circle, downloaded from public databases) (Kato et al., 2018; Lindh et al., 2017).
(b) Principal component analysis for samples collected from Rio Grande Rise (square) and Tropic Seamount (diamond) in the Atlantic Ocean (cyan), and Clarion-Clipperton
Zone (circle) and Takuyo-Daigo Seamount (triangle) in the Pacific Ocean (pale green). Oceanographic parameters (temperature, salinity, depth, latitude, and longitude) are
shown.
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sample) extraction controls were used for PCR amplification and Illumina
sequencing to check for the presence of possible environmental contamina-
tion (Sheik et al., 2018). Illumina DNA libraries and sequencing were per-
formed at MR DNA (Shallowater, TX, United States) on a MiSeq platform
in a paired-end read run (2× 250 bp) following the manufacturer's guide-
lines.

2.5. Sequencing data processing and statistical analyses

DNA sequence reads from Fe-Mn crust and associated sediments sam-
ples from the Pacific Ocean were downloaded from the NCBI SRA database
(Lindh et al., 2017) and DDBJ SRA database (Kato et al., 2018) and proc-
essed under the same procedure as the raw sequences generated in this
study. The demultiplexed sequences were analyzedwith the software pack-
age Quantitative Insights Into Microbial Ecology (QIIME 2) version 2019.4
(Bolyen et al., 2019). Sequences were denoised using DADA2 (Callahan
et al., 2016) with the parameters listed in Supplementary Table 3. We re-
moved amplicon sequence variants (ASVs) with sequences of less than 10
occurrences. The taxonomy was assigned to the representative sequences
of ASVs using a Naive Bayes classifier pre-trained on SILVA release 132
clustered at 99% identity. FastTree and MAFFT (Katoh and Standley,
2013) were used to create a rooted phylogenetic tree used to calculate phy-
logenetic diversity metrics.

Diversity and phylogenetic analyses were performed with PhyloSeq
(Mcmurdie and Holmes, 2012), ggplot2 (Wickham, 2009), and vegan
(Oksanen et al., 2013) packages in the R software (Team, 2018). ASVs affil-
iated with chloroplasts and Eukarya were removed from subsequent analy-
ses. Alpha diversity metrics (e.g., observed sequence variants, Chao1, and
Shannon diversity) were calculated based on ASV relative abundances for
each ocean and Atlantic seamount. To determine if there were significant
differences between alpha diversities, analysis of variance (Kruskal–Wallis
one-way ANOVAon ranks test) and subsequent post-hocWilcoxonmatched
pair test were performed in R. ASVs were normalized by variance stabiliz-
ing transformation using the R package “DESeq2” (Love et al., 2014).
Beta diversity among oceans and Atlantic seamounts was analyzed using
an ordinated weighted Unifrac normalized distance and visualized using
principal coordinate analysis (PCoA, package Phyloseq). We performed
PERMANOVA analysis to compare groups in the PCoA plotswith the adonis
function in the R package vegan, and betadisper was used to assess the dif-
ferences in dispersions between sample groups (Anderson, 2006). The
IndicSpecies identified relative abundance of taxonomic indicators
(Caceres et al., 2010). The analysis was conducted on ASV counts excluding
ASVS <20 reads. We compared the relative abundance and frequency of
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each ASV to identify those specifically associated with only one substrate
(unique) and those whose niche breadth encompasses several substrates
(shared). The resultswere visualized as networkswith the igraphR package
(Csardi and Nepusz, 2006).

Distance-based redundancy analysis (dbRDA) was performed to investi-
gate the environmental drivers (depth, temperature, salinity, Al2O3, Cl,
CaO, Co2O3, Fe2O3, K2O, MgO, MnO, NiO, P2O5, SiO2, SO3, TiO2, and
V2O5, concentrations) influencing the prokaryotic community structure
(package Vegan). Before running the analysis, we normalized the physico-
chemical characteristics of deep-waters, crusts, nodules and sediments to
make the sum of squares equal to one. The ANOVA test was used to test
the significance of the dbRDA model and to identify the best set of explan-
atory variables (p < 0.05) for dbRDA analysis. Raw sequence data gener-
ated for this are publicly available in the National Centre for
Biotechnology Information (NCBI) database under the BioProject
PRJNA814217.

3. Results

3.1. Physicochemical characteristics of deep-sea waters, crusts, nodules and sed-
iments

Physicochemical characteristics of deep-sea waters surrounding Pacific
Ocean samples were different from those collected in the Atlantic Ocean
samples. Temperature ranged from 1.5 to 4 °C, and salinity values were be-
tween 34.3 and 34.7 psu in deep-sea waters (1432–5577 m) surrounding
samples from Clarion-Clipperton Zone and Takuyo-Daigo Seamount (Sup-
plementary Table 1). Temperature was higher in deep-sea waters
(685–2307 m) overlying the top of the Tropic and RGR seamount than
those observed in the Pacific Ocean, ranging from 2.9 to 7.01 °C with salin-
ity values between 34.3 and 35.2 psu (Supplementary Table 2). Geochem-
ically, Fe-Mn crusts, and nodules from Tropic Seamount have significantly
higher average concentrations of Co2O3 (1.64 wt%), Fe2O3 (72.24 wt%),
MnO (38.13 wt%), NiO (0.99 wt%), SO3 (6.72 wt%), TiO2 (0.50 wt%),
and V2O5 (0.15 wt%) when compared to the RGR crusts (Supplementary
Fig. 1). Besides that, sediment samples from Tropic Seamount were charac-
terized by significantly higher concentrations of nitrogen and sulfur com-
pounds and micronutrients (NH4: 826 mg·kg−1, NO3: 82.50 mg·kg−1,
Ntotal: 861 mg·kg−1, SO4

−2: 992 mg·kg−1, B: 3.74 mg·kg−1, Cu: 0.50
mg·kg−1, Fe: 4.50 mg·kg−1, Mn: 2.75 mg·kg−1, and Zn: 0.40 mg·kg−1)
when compared to the RGR sediments (Supplementary Fig. 2).

Spatial variations between Pacific and Atlantic Ocean samples were
well explained (92.1%) by environmental characteristics (longitude,
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latitude, temperature, and depth) in the PCA analysis (Fig. 1B and Supple-
mentary Table 4). Samples were clustered into two categories: oceans and
sampling areas within each ocean basin (Fig. 1B). Spatial variations be-
tween Atlantic Ocean samples were well explained (75.6%) by environ-
mental characteristics (longitude, latitude, salinity and CaO, Fe2O3, MnO,
Al2O3, TiO2, V2O5, Co2O3, and NiO) in the PCA analysis (Supplementary
Fig. 3A and Supplementary Table 5). Samples were clustered into two cat-
egories: the two sampling areas in the Atlantic Ocean and the type of sub-
strate (Supplementary Fig. 3A). In addition, spatial variations between
Atlantic Ocean sediment samples were well explained (69.1%) by nitrogen
and sulfur compounds (Ntotal, NH4+, NO−3, and SO4

−2), andmicronutrients
(B, Mn, and Zn) in the PCA analysis (Supplementary Fig. 3B and Supple-
mentary Table 6).

3.2. Alpha and beta diversity estimates in the Pacific and Atlantic oceans

We obtained 10,573,651 DNA sequences from 113 samples, 3,969,611
for the Atlantic Ocean and 6,604,040 for the Pacific Ocean. After filtering
low-prevalence features and eukaryotes, we obtained 19,970 amplicon se-
quence variants, 5783 for the Atlantic Ocean and 14,187 for the Pacific
Ocean. Microbial alpha diversity indices were significantly higher in sam-
ples from the Pacific Ocean (Kruskal-Wallis test, p < 0.01; Fig. 2A and Sup-
plementary Table 7) than samples from the Atlantic Ocean. Pairwise
comparisons of Shannon and Chao1 indices indicated the alpha diversity
of sediments and nodules from the Pacific Ocean were significantly higher
(Wilcoxon test, p < 0.01; Fig. 2A); and (ii) the Chao1 index of crusts did not
significantly differ between oceans (Wilcoxon test, p > 0.05; Fig. 3). Shan-
non and Chao1 indices were significantly higher in sediment samples from
Tropic seamount when compared with RGR (Kruskal-Wallis test, p < 0.01;
Supplementary Fig. 4A and Supplementary Table 8). Pairwise comparisons
of the microbial communities inhabiting the same substrate indicated the
alpha diversity in 0–5 and 5–10 cm sediment layers were significantly
higher compared to other samples (Wilcoxon test, p < 0.01; Supplementary
Fig. 4A). In addition, the alpha diversity in crusts and 10–15 cm sediment
layer did not significantly differ between Atlantic seamounts (Wilcoxon
test, >0.05; Fig. 2A).

Microbial beta-diversity explored by ordinated weighted Unifrac nor-
malized distance did not reveal a clear distinction between Pacific and
Fig. 2.Alpha andbeta diversity ofmicrobial communities in the Fe-Mn crusts, nodules, an
diversity (Chao1 and Shannon indexes)medians ofmicrobial communities.Meanswere c
Wilcoxon test. (b) Beta diversity principal coordinate analysis (PCoA) based on the ord
sediment from RGR (triangle) and Tropic Seamount (diamond).
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Atlantic samples (Fig. 2B). The PCoA analysis captured 86.1% of the total
variation of the prokaryotic community composition in the investigated
samples. However, analysis of variance with PERMANOVA showed that
samples differed significantly when comparing Pacific and Atlantic Oceans
(adonis, df=1, F=13.8, r2=0.09, p=0.001) and type of substrate (ado-
nis, df=2, F=4.6, r2=0.06, p=0.001). The BETADISPER homogeneity
test among the groups showed a significant (p < 0.05) difference in group
dispersions for a different type of substrate (betadisper, df = 2, F = 9.9,
p = 0.0001), but not for different geographic location (betadisper, df =
1, F= 0.2, p= 0.6). PERMANOVA and betadisper significant variation in-
dicate that samples under each factor represent a significant difference in
composition and homogeneity. Besides, there was a higher similarity be-
tween samples grouped according to their geographic location (one-way
ANOSIM; R = 0.56, p = 0.001).

In the case of Atlantic seamounts, beta-diversity explored by ordinated
weighted Unifrac normalized distance revealed a clear distinction between
the studied regions (Supplementary Fig. 4B). The PCoA analysis captured
88.3% of the total variation of the community composition. Significant dif-
ference was found comparing Tropic and RGR geographic location by both
the PERMANOVA (adonis, df=1, F=10.3, r2= 0.20, p=0.001) and the
BETADISPER (betadisper, df = 1, F = 6, p = 0.02), as well as when com-
paring the type of substrate (PERMANOVA: adonis, df = 2, F = 4, r2 =
0.16, p = 0.001; betadisper, df = 2, F = 3, p = 0.03). The results yielded
in the PERMANOVA and the betadisper analyses indicate that selected clas-
ses exhibit different groups concerning their composition and homogene-
ity. In addition, there was a higher similarity between samples grouped
according to their type of substrate (one-way ANOSIM; R = 0.28, p =
0.001).

3.3. Patterns in microbial community composition at Atlantic seamounts

Microbial communities in samples fromTropic seamount and RGRwere
overall dominated by the phyla Proteobacteria (classes Gamma- and
Alphaproteobacteria), Thaumarchaeota, Actinobacteria, and Bacteroidetes.
These phyla accounted for a cumulatively average of 83% of the
sequences within each sample (Supplementary Fig. 5). For example, RGR
crusts were dominated by Alphaproteobacteria (50–12%, orders
SAR11 clade and Rhodospirillales), Gammaproteobacteria (27–3%, orders
d associated sediment fromAtlantic (cyan) and Pacific (pale green)Ocean. (a) Alpha
ompared by the Kruskal-Wallis test. Pairwise comparisonswere performed using the
inated weighted Unifrac normalized distance. Fe-Mn crust, nodule, and associated
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Betaproteobacteriales, Pseudomonadales and Alteromonadales), and
Nitrososphaeria (26–9%, order Nitrosopumilales) (Fig. 3 and Supplemen-
tary Fig. 7). On the other hand, crusts and nodules samples from Tropic
Seamount showed similar group compositions with a dominance
of Gammaproteobacteria (46–31%, orders Betaproteobacteriales,
MBMPE27, and Pseudomonadales) followed by Actinobacteria (19–16%,
order Propionibacteriales), Bacteroidia (22–4%, order Flavobacteriales),
and Alphaproteobacteria (15–7%, orders Rhodovibrionales and
Rhizobiales) (Fig. 3 and Supplementary Fig. 6).

Prevalent taxa in sediments from Tropic and RGR were structured
differently (Fig. 3 and Supplementary Fig. 6). A higher number of
classes were detected in the sediment layers from Tropic when
compared to sediment from RGR. Classes that were more abundant
in the sediment layers from RGR included: Alphaproteobacteria
(order SAR11 clade), Gammaproteobacteria (order Alteromonadales),
and Nitrososphaeria (order Nitrosopumilales) (Fig. 3 and Supplemen-
tary Fig. 6). The microbial community from the sediment layers
from Tropic was mostly dominated by Nitrososphaeria (order
Nitrosopumilales) flowed by Gammaproteobacteria (orders Betapro-
teobacteriales, Pseudomonadales, MBMPE27, and Steroidobacterales),
Alphaproteobacteria (order Rhodovibrionales), Deltaproteobacteria (order
NB1-j), NC10 (order Methylomirabilales), Dehalococcoidia (SAR202 clade),
Subgroup 21, and unclassified Woesearchaeia (Fig. 3 and Supplementary
Fig. 6).

The unique ASVs in sediments from RGRmainly belonged to the uncul-
tured Rickettsiales order (n = 22), SAR11 clade (n = 6), unclassified
Alteromonadales (n = 2), and Nitrosopumilales (n = 2), while in crusts
from RGR, the unique ASVs belonged to the Nitrosopumilales order (n =
11), unclassified Marine Group II order in Thermoplasmata (n = 6),
5

SAR11 clade (n = 5), Alteromonadales (n = 5), uncultured
Bdellovibrionales (n = 4), and SAR202 clade (n = 2) (Fig. 4B). In the
Tropic sediments the unique ASVs belonged mostly to the orders
Nitrosopumilales (n= 45), uncultured Rhodovibrionales (n= 14), unclas-
sified Alphaproteobacteria (n = 12), NB1-j (n = 11), uncultured
Nitrospirales (n = 11), Steroidobacterales (n = 8), Phycisphaerales (n =
7), uncultured Methylomirabilales (n = 5), uncultured Cytophagales (n
=5), Nitrosococcales (n=5), uncultured Subgroup 6 (n=5), unclassified
Woesearchaeia (n= 5), uncultured Omnitrophicaeota (n= 4), uncultured
Thermoplasmata (n = 4), Betaproteobacteriales (n = 4), uncultured BD2-
11 terrestrial group (n = 4), unclassified EPR3968-O8a-Bc78 (n = 3), un-
cultured Subgroup 21 (n = 3), and the uncultured AT-s2-59 (n = 3). In
contrast, crusts and nodules from Tropic harbored fewer unique ASVs (n
= 22 and n = 3, respectively), most associated to Betaproteobacteriales,
Nitrospirales, uncultured Rhodospirillales, SAR324, and the uncultured
PAUC43f marine benthic group (within the group ‘Others’) (Fig. 4B).

All substrates from Tropic shared high numbers of ASVs: crusts shared
20 ASVs with sediment (mostly Dadabacteriales, Methylomirabilales
Nitrospirales, Nitrosopumilales, Rhodospirillales, and Steroidobacterales),
and 11 ASVs with nodules (Pseudomonadales, Micrococcales, Actino-
mycetales, within the group ‘Others’) (Fig. 4). Sediments and crusts from
RGR and sediments and nodules from Tropic shared fewer ASVs (n = 4
and n = 1, respectively), belonging to the Rickettsiales order, SAR11
clade, Flavobacteriales and Thiotrichales orders (within the group
‘Others’), and the MBMPE27 order, respectively (Fig. 4). The two sea-
mounts shared fewer ASVs between the substrates: sediment from RGR
and crust from Tropic (n = 1, Alteromonadales order), and crusts from
RGR and Tropic (n = 1, Alteromonadales order) (Fig. 4). All substrates
from Tropic shared 2 ASVs, belonging to the MBMPE27 (within the group



Fig. 4. Indicator Species analysis of Fe-Mn crusts, nodules, and sediment (sed) from Tropic seamount (Tropic) and Rio Grande Rise (RGR). The networks (A) indicate the
correlation (represented by edges) of unique (1 substrate) and shared ASVs (2 to 4 different substrates); (B) highlight the taxonomic classification of the nodes that
belonged to the most represented orders (>1% of relative abundance in at least one sample). Non-dominant taxa (<1%) are reported as “Others”. The nodes size reflects
“fidelity” to the substrates so that a large node indicates ASVs always present in that substrate.
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‘Others’) and Rhizobiales orders. All substrates from Tropic shared 1 ASV
with RGR crusts (Betaproteobacteriales order).

3.4. Environmental drivers of the microbial community structure among Atlantic
seamounts

We investigated the role of the oceanographic parameters shaping mi-
crobial community composition using distance-based redundancy analyses,
constrained with significant variables (Fig. 5). This analysis showed that
oceanographic parameters (depth, temperature, salinity, Al2O3, Cl, CaO,
Co2O3, Fe2O3, K2O, MgO, MnO, NiO, P2O5, SiO2, SO3, TiO2, and V2O5, con-
centrations) divided the community structure into two clusters (geographic
location and type of substrate), and together explained 66.8% of the total
variance. The first axis explained most of the variation, which accounted
Fig. 5.Relationships between environmental variables and prokaryotic community comp
explain a cumulative 66.8% of the variance in microbial community structure.

6

for 32.5% of the variation and was divided into seamounts, i.e., Tropic
and RGR. The second axis explained 19.1% of the variation and divided
into crust, nodule and sediment samples. Temperature, salinity, depth,
CaO, and SiO2 were the set of environmental variables that best explained
the variations in the community's structure (p < 0.001) (Fig. 5). The
ANOVA test revealed that Cl was the main environmental factor affecting
the distribution of microbes in the sediment (p < 0.05) while temperature
and salinity, V2O, MnO, and Fe2O3 were the factors affecting crusts and
nodules microbial distribution (p < 0.05) on Tropic seamount (Fig. 5). In
samples from RGR, the ANOVA test revealed that depth and CaO were
the main environmental factors affecting sediment microbial distribution
and concentration of SiO2 was the main affecting crust microbial distribu-
tion (p = 0.009 and p = 0.001, respectively, Fig. 5). The outcome of this
analysis confirmed and strengthened the ANOSIM results.
osition fromTropic seamount (orange) andRio Grande Rise (cyan). The dbRDA axes
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4. Discussion

4.1. Microbial composition of Atlantic seamounts compared with other deep-sea
Fe-Mn deposits

At Atlantic seamounts, benthic bacterial assemblages (in the crust, nod-
ules, and sediments) showed dominance of the classes Gammaproteobacteria,
Alphaproteobacteria, Actinobacteria, Bacteroidia, and Deltaproteobacteria, as
previously reported for the Pacific Fe-Mn deposits (Lindh et al., 2017; Shulse
et al., 2017; Wu et al., 2013). However, we detected significant differences in
microbial community composition between the Tropic seamount, RGR and
Pacific Fe-Mn deposits at a lower taxonomic level. For example, we found a
higher relative abundance of the orders Alteromonadales, BD2-11 terrestrial
group, Betaproteobacteriales, NC10, MBMPE27, Rhodovibrionales, SAR11,
and Steroidobacterales in the Atlantic. At the same time, relative abundance
of Flavobacteria andBacilli at theAtlantic seamounts is lowerwhen compared
with the microbial community observed at CCZ and Takuyo-Daigo seamount
(Kato et al., 2018; Lindh et al., 2017).

Previous studies have described that Mn-reducing bacteria, such as
Shewanella and Colwellia, are key microorganisms acting to dissolve Mn in
Fe-Mn crusts (Blöthe et al., 2015). Although we have not identified these
bacterial genera, the indicator taxa analysis in crusts and nodules detected
groups potentially related to metal cycles, such as uncultured
Magnetospiraceae (order Rhodospirillales) and Nitrospira (Nitrospirales
order). Members of the Nitrospira phylum use Mn as an energy source to
grow and produce small nodules of Mn oxide (Yu and Leadbetter, 2020).
Besides, members of the family Magnetospiraceae are capable of
magnetotaxis and iron reduction ((Matsunaga, 1991)). We also detected a
relatively high abundance of ASVs in the Fe-Mn crusts and nodules associ-
ated with Fe reducers and Mn oxidizers from the Alteromonadaceae,
Burkholderiaceae, and Pseudomonadaceae families. Representatives of
these groups have been proposed as potential keys in forming and growing
Fe-Mn crusts and nodules in the Pacific Ocean (Blöthe et al., 2015; Hassan
et al., 2020; Kato et al., 2018; Wu et al., 2013).

Indicator taxa for crusts and nodules include groups, specifically SAR202
and SAR324, that are associated with reduced inputs of organic matter. Rep-
resentatives of heterotrophic SAR202 and chemolithoautotrophic SAR324
have been proposed as potential indicators of deep-water oligotrophic condi-
tions (Galand et al., 2010; Landry et al., 2017; Orcutt et al., 2011). These SAR
groups are related to the deep carbon and sulfur cycles, and SAR202 has been
suggested as an important consumer of deep ocean recalcitrant dissolved or-
ganic matter (Wei et al., 2020). SAR202 and SAR324 were previously de-
scribed as benthic microbial assemblages in other Fe-Mn deposits (Blöthe
et al., 2015; Lindh et al., 2017; Molari et al., 2020; Walsh et al., 2016; Wu
et al., 2013).

Unexpectedly, SAR11 clade was detected only in the RGR seamount.
Closely related sequences of SAR11 were reported previously in sediments
across the São Paulo Plateau (Queiroz et al., 2020) and crusts from RGR
(Bergo et al., 2021). SAR11 includes carbon-oxidizing bacteria with multi-
ple depth-specific ecotypes ((Cameron Thrash et al., 2014; Giovannoni,
2017)). Two factors may explain the higher abundance of SAR11 clade I
in RGR, the microbial transport through the water column (Hamdan
et al., 2013; Walsh et al., 2016) and/or the influence of surrounding seawa-
ter during the crusts and sediments sampling.

Indicator taxa analysis, for sediments, in both RGR and Tropic seamount
reveals an unknown deep-sea environment influenced by unclassified and
uncultured groups. Many of these taxa include the unclassified
Gammaproteobacteria (order MBMPE27), BD2-11 terrestrial group (phylum
Gemmatimonadetes), Rickettsiales, Subgroup 21 (phylum Acidobacteria),
and the genus Woesia (family Woeseiaceae). There are no isolates for
MBMPE27 and BD2-11 terrestrial groups, and their function remains un-
known. However, sequences of these unclassified and uncultured groups
have been described at Pacific Fe-Mn deposits (Liao et al., 2011; Molari
et al., 2020; Wu et al., 2013).

Members of the Nitrososphaeria family represented a small portion of
total sequences (approximately 0.8%) retrieved from RGR compared to
7

Tropic seamount (approximately 37%). We also identified a higher number
of unique ASVs belonging to Nitrosopumilales order in sediments from
Tropic seamount than RGR. A high proportion of these potentially
chemolithoautotrophic archaea was previously reported for Takuyo-Daigo
deep-sea regions (Kato et al., 2018). Some authors associate the presence
of Nitrososphaeria in energy-limited deep-sea environments with a food
web supported by ammonia oxidation and carbon fixation (Tully and
Heidelberg, 2013; Zhang et al., 2015). Overall, these findings suggest that
bacterial and archaeal groups adapted to lithic substrates preferentially col-
onize crusts and nodules, likely favored bymanganese and iron availability.

4.2. Factors influencing patterns of microbial community composition and struc-
ture

Previous studies have shown thatmicrobial community structure can be
relatively similar in analogous marine environments even though distanc-
ing thousands of kilometers away (Agogué et al., 2011; Walsh et al.,
2015). However, microbial communities can also be variable over only a
few tens of kilometers away within heterogeneous environments
(Hewson et al., 2007; Kato et al., 2018; Liu et al., 2019). Our PCA analysis
showed that microbial communities in Fe-Mn crusts, nodules, and associ-
ated sediment are grouped by ocean and sampling areas. Moreover, when
we analyzed samples from the Atlantic seamounts, we found clusters asso-
ciated to crusts, nodules, and sediment geochemical composition. These
findings indicate environmental homogeneity between the Fe-Mn deposits
from Atlantic and Pacific seamounts, but significant heterogeneity between
Fe-Mn crusts, nodules, and sediments from seamounts in the same ocean
(Atlantic). Based on PCoA results, Atlantic seamounts have a similar
partitioning, supporting the hypothesis that local oceanographic parame-
ters drive microbial communities' spatial distribution.

We found that microbial richness and diversity in marine sediments
samples is higher than in Fe-Mn crusts and nodules, these results agree
with previous works from (Kato et al., 2018; Lindh et al., 2017; Shulse
et al., 2017). The higher diversity found in marine sediment samples may
occur because of the lower availability of energy sources (e.g., organic mat-
ter) in crusts and nodules when compared to sediments (Tully and
Heidelberg, 2013). Nodules and crusts also offer hard substrates and
metals, which can select specific microorganisms ((Molari et al., 2020)).
In addition, our samples from Atlantic seamounts displayed significantly
lower microbial alpha diversity when compared to Pacific areas, indicating
that Takuyo-Daigo seamount and CCZ have a different microbial commu-
nity from those in the Tropic seamount and RGR. However, Shannon diver-
sity for crusts and nodules collected from Tropic seamount and RGR fall
within the range of values observed for crusts and nodules from Takuyo-
Daigo seamount and CCZ.

Two factors may be shaping the observed community structure and
composition variation inAtlantic Fe-Mn crusts. Thefirst is the geochemistry
of the different crusts, such as the higher concentrations of cobalt, iron,
manganese, nickel, and sulfur in the Tropic crusts. In contrast, crusts from
RGR are relatively enriched in aluminum, potassium, and magnesium. Be-
sides geochemical characteristics, microbial community composition and
structure patterns on seamounts may also be influenced by oceanographic
parameters (water depth, oxygen, and location). This has been previously
described for Fe-Mn deposits from the Pacific Ocean and RGR (Benites
et al., 2020; Kato et al., 2018; Liu et al., 2019; Molari et al., 2020;
Nitahara et al., 2017).

4.3. Final considerations

Our results revealed that: (1) the prokaryotic diversity and community
structure in the Atlantic seamounts differed somewhat from the Pacific sea-
mounts, suggesting that benthic microbes reflect regional differences in hy-
drography and biogeochemistry; (2) the vast array of uncultured and
unclassifiedmicrobes in this study confirmed the lack of knowledge regard-
ing the deep seafloor microbiome and its link with the biogeochemical pro-
cesses in the dark Atlantic Ocean; (3) alpha and beta diversity at crust and
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nodule from the Atlantic seamounts differed from sediment samples, sug-
gesting that Fe-Mn crusts and nodules are a potential specific ecological
niche; and (4) the microbial community in the Atlantic seamounts may be
sustained by dissolved nitrogen compounds (ammonia) and by sinking par-
ticles containing organic carbon and sulfur as energy sources, which are
supplied by the photosynthetic ecosystem at the ocean surface. Overall,
these insights provided by the prokaryotic community structure emphasize
the value of incorporating microbiological surveys more broadly into field
sampling campaigns in the Atlantic Fe-Mn deposits. This study establishes
a baseline for Atlantic Fe-Mn benthic microbial life that will be critical to
support further spatial and/or temporal studies.

Future research will improve our understanding of how the biological
communitiesmay respond to disturbances produced by deep-seamining ac-
tivities and other possible impacts (as climate change).
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