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ABSTRACT

Deep-sea carbonate mounds can harbor a wide variety of heterotrophic and chemosynthetic microbial communities,
providing biodiversity hotspots among the deep-sea benthic ecosystems. This study examined the bacterial and archaeal
diversity and community structure in the water column and sediments associated with a recently described giant
carbonate mound named Alpha Crucis Carbonate Ridge (ACCR), located in the Southwestern Atlantic Ocean. Because of the
acoustic evidence of gas chimneys from a previous study, we further evaluated the chemosynthetic primary production
through in situ-simulated dark carbon fixation rates. Pelagic microbial communities varied significantly with depth, showing
a high abundance of photosynthetic groups in surface waters and taxa related to nitrification in intermediate and deep
waters. The benthic communities from the top of the ACCR were very similar along with the sediment depth, while those
from the base of the ACCR showed a clear stratification pattern, with members in the deep strata mainly related to anoxic
and chemosynthetic ecosystems. Dark carbon fixation rates were of the same order of magnitude as those of deep-sea cold
seeps and hydrothermal vents. Our study provides the first description of the ACCR microbiome and adds new information
to help formulate and implement future conservation and management strategies for vulnerable marine ecosystems.

Keywords: chemosynthesis; deep-sea carbonate mound; marine microbiome; microbial community structure;
southwestern atlantic ocean

INTRODUCTION long-term alternation between the growth and demise of cold-
water corals (Henriet et al. 2014; Lo Iacono, Savini and Basso
2018). Several studies have indicated that their development is
controlled by seafloor seepage, ocean currents and water mass

Deep-sea carbonate mounds form semicircular to elongated
geomorphologies (carbonate ridges), interpreted as the result of
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structure (Mienis et al. 2006; Henriet et al. 2014; Lo Iacono, Savini
and Basso 2018).

Carbonate can also be precipitated through a biogeochemi-
cal process mediated by a consortium of methanotrophic and
sulfate-reducing bacteria. In this process, authigenic carbon-
ates are formed as a by-product of the anaerobic oxidation of
methane by the microbial consortium coupled with the reduc-
tion of sulfate at the sulfate-methane transition zone (Boetius
et al. 2000; Orcutt et al. 2011; Judd et al. 2020). The formation
of methane-derived authigenic carbonate is related to slow flux
seepages and gas venting (Andresen, Huuse and Clausen 2008;
Magalhaes et al. 2012; Boetius and Wenzhofer 2013). Microorgan-
isms have a major role in carbonate mound stabilization and
development by facilitating the diagenetic processes that form
the authigenic carbonate layers (Foubert et al. 2008; Templer et al.
2011).

Previous studies have indicated that deep-sea carbonates
and seepages usually support a wide diversity of heterotrophic
and chemosynthetic microbial communities, providing biodi-
versity hotspots in deep-sea benthic ecosystems (e.g. Heijs
et al. 2006; Marlow et al. 2014; Ruff et al. 2015, 2019; Jing et al.
2020). These microbial communities have been described using
different methods, such as 16S rRNA gene sequencing (e.g.
Case et al. 2015; Ruff et al. 2015, 2019) and radioisotopic tech-
niques for measuring chemosynthetic activity (e.g. Steemann-
Nielsen 1952; Reinthaler, van Aken and Herndl 2010; Zhou et al.
2017; Savvichev et al. 2018). In addition, studies suggest some
key taxa inhabiting deep-sea carbonates, such as the anaer-
obic methanotrophic Archaea (ANME)-2 group, methanogenic
Archaea (Methanococcales, Methanobacteriales, Methanomi-
crobiales and Methanosarcinales), Marine Group I and mem-
bers related to Thermoplasmatales (Aloisi et al. 2002; Heijs et al.
2006; Ruff et al. 2015). Due to the high variability observed among
carbonate-associated features worldwide, such as depth, pres-
ence or absence of seepage activity, types of substrate and
hydrodynamics (Liang et al. 2017; Astrdm et al. 2018; Diesing and
Thorsnes 2018; Maly et al. 2019; Zhou et al. 2020), information is
still needed on the microbial diversity that inhabits sediments
associated with carbonate ridges to improve current knowledge
about the carbonate-associated microbiome.

A new carbonate ridge was recently described in the upper
slope of the Southwestern (SW) Atlantic Ocean based on inter-
pretation of multibeam bathymetry and high-resolution seis-
mic data from the upper slope of the Santos Basin, Southern
Brazilian margin (Maly et al. 2019). The Alpha Crucis Carbon-
ate Ridge (ACCR) is the first megastructure of carbonate ridge
described along the SW Atlantic margin, comprising an ~17x11-
km-wide ring-shaped feature, probably fed by fluids escaping
from the subsurface through fractures generated by intense
halokinesis (Schattner et al. 2018; Maly et al. 2019). The acoustic
data suggest the presence of gas chimneys and recent to sub-
recent seepage activity (likely methane); however, this activity
has not yet been confirmed by in-situ geochemistry analyses and
description of chemosynthetic fauna. Furthermore, since this
area is associated with other types of gas/fluid escape features,
such as pockmarks and depressions, it is a particular example of
a hydrocarbon-associated carbonate mound in deep waters (de
Mahiques et al. 2017; dos Santos et al. 2018), which harbors an
unknown microbial community likely supported by chemosyn-
thesis. To characterize the ACCR from a microbial perspective,
we performed 16S rRNA gene sequencing and calculated in situ-
simulated rates of dark carbon fixation (DCF) of seawater and
sediment samples to determine the bacterial and archaeal struc-
ture and diversity, taxonomic composition and chemosynthetic

activity. The carbonate mounds of the ACCR are home to vulner-
able marine ecosystems (Fink et al. 2015; Maly et al. 2019) because
of their low recovery potential when disturbed. For this reason,
the description of microbial diversity associated with these car-
bonate features is crucial for the development of future conser-
vation strategies.

MATERIALS AND METHODS
Study area and sampling strategy

The study area is located between the 450 and 1250 m isobaths
in the central portion of the Santos Basin, southeastern Brazil-
ian margin (Fig. 1A). The area is influenced and shaped by the
bottom currents system of Brazil Current (BC) and the Inter-
mediate Western Frontier Current (IWBC) (Fig. 1B) with oppo-
site flow directions. The samples were collected in the ACCR
(Fig. 1C). The ACCR was recently described by Maly et al. (2019) as
a giant ring-shaped carbonate complex surrounding the seabed
and flanked by elongated depressions. The oceanographic sta-
tions were selected according to the geomorphological pattern
observed in the area. Stations P686 and P688 were located on the
northwestern portion of the seabed of the complex (named here
as the ‘base of ACCR’), characterized by the presence of carbon-
ate walls (Maly et al. 2019), while stations P685 and P687 were
located at the top of the main province of the ACCR (named
‘top of ACCR’), dominated by a carbonate ridge comprising the
Besnard Mound, which is the highest individual mound of the
system (340 m above the seafloor). We observed a high abun-
dance of cold-water corals only in samples from the top of
ACCR (Supplementary Fig. 1). A total of 30 sediment samples
and 12 water samples were collected in these four stations on
board the R/V Alpha Crucis from the Oceanographic Institute of
the University of Sdo Paulo in November 2019 (Supplementary
Table 1).

We collected the sediment samples using an Ocean Instru-
ments ® box corer (50 cm x 50 cm x 50 cm). Sampling was
performed in triplicates per station, except for station P685, at
which only one replicate was sampled. At this station, after sev-
eral attempts, we could only successfully collect one full box-
corer due to a large number of deep-sea corals. Therefore, the
overlying water was drained before the box corer opening, and
four 7 x 20 cm cores were collected for microbial and physical-
chemical analyses. The cores were extruded and subsampled in
0-5, 5-10 and 10-15 cm strata and stored in Whirl-pack bags at
-80°C. A 5-cm slice for each stratum was defined to get enough
sediments for microbiological analyses and represent communi-
ties along the different sediment depths. For the DCF analysis,
10 g of sediment of each sample was used for onboard incuba-
tions. We also collected one gravity-corer sample at station P686
to analyze microbial communities at a deeper sediment stratum
(350 cm).

The water column overlying the ACCR was collected to deter-
mine whether water mass characteristics and the pelagic micro-
bial communities differ or not along with the mound. We then
collected one water sample per station at three different depths.
The first depth comprised the deep water (~530 m), the nearest
depth from the bottom of the ACCR. The other depths comprised
the intermediate (~280 m) and the surface water (~40 m), which
were sampled for comparison with the deep-water samples.
Details about sample depths are given in Supplementary Table
1. The water column was sampled using a combined Sea-Bird
CTD/Carrousel 911 system with 12 10-L Niskin bottles. Approx-
imately 20 L of each water sample was filtered onboard using a
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Figure 1. Sampling map showing (A) the location of the Alpha Crucis Carbonate Ridge area, (B) its geomorphological provinces and (C) the sampling sites at the top

(P685 and P687) and at the base (P686 and P688) of the mound.

peristaltic pump and 0.22 pm-membrane Sterivex™ filters then
frozen at -20aC for molecular analysis. Unfiltered and filtered
water samples for chemical analyses were stored in amber flasks
at room temperature and in bottles frozen at -20aC. Approx-
imately 2 L of water of each sample was prepared for DCF
onboard incubations.

Physical variables and nutrient analysis of water
samples

The temperature and salinity of water samples were measured
in situ using the system CTD-Rosette onboard R/V Alpha Cru-
cis during Cruise 1. Nitrate and nitrite were measured using
a SEAL Analytical AutoAnalyzer II and phosphate, silicate and
ammonium using a Thermo Scientific Spectrophotometer Evo-
lution 200. Nutrient analyses were performed in the Laboratério

de Nutrientes, Micronutrientes e Tracos no Mar, at the Oceano-
graphic Institute of the University of Sao Paulo, Sao Paulo, Brazil.

DNA extraction and 16 rRNA gene sequencing

DNA extraction of sediment and Sterivex filters was performed
using the DNEasy PowerSoil Kit (Qiagen, Hilden, Germany)
and DNEasy Powerwater Kit (Qiagen, Hilden, Germany), respec-
tively, following the manufacturing protocols. Extracted DNA
was quantified using Qubit dsDNA HS Assay (Thermo-Fisher Sci-
entific, Waltham, MA, USA) and Qubit Fluorometer 1.0 (Thermo-
Fisher Scientific). Total extracted DNA from sediment and water
samples were sequenced using an Illumina Miseq paired-end
system 2 x 350 bp, with the primers 515F-926R (Parada, Need-
ham and Fuhrman 2015), targeting the V3-V4 regions of the 16S
rRNA gene. Sequencing was performed by ZymoBIOMICS® Ser-
vice (Irvine, CA, USA).
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Bioinformatics

Raw sequences were imported into QIIME 2 (v.2020.2, http
s://docs.qiime2.org/) (Bolyen et al. 2019) using the q2-tools-
import script. DADA2 software was used to obtain a set of
observed sequence variants (Callahan, McMurdie and Holmes
2017). Based on the quality scores, the forward reads were trun-
cated at position 270, and the reverse reads at 200, using the g2-
dada2-denoise script. Primer sequences were removed using the
same script. Taxonomy was assigned through feature-classifier
classify-sklearn and SILVA database v138. The phylogenetic tree
was built by FastTree (Price, Dehal and Arkin 2009) and the
MATFFT aligner (Katoh et al. 2002). Alpha and beta diversity met-
rics were computed through the q2-diversity core-metrics script
at a rarefied sampling depth of 32 000 sequences. Statistical
differences in alpha diversity indices were calculated by com-
paring sites and depths (sediment strata or water depth) using
the ANOVA test in R (version 3.6.3, package stats v.3.6.2). Beta
diversity was measured by weighted Unifrac distance and visu-
alized via non-metric multidimensional scaling (NMDS) using
the phyloseq package (Callahan, McMurdie and Holmes 2017) in
R (version 3.6.3). Differences in the microbial community struc-
ture among sediment strata, water depths and sites were tested
by performing a permutational multivariate analysis of variance
(PERMANOVA) on the community matrix (Anderson 2001).

Prediction of energetic metabolisms and ecological processes
based on the 16S rRNA gene was performed using the FAPRO-
TAX 1.2.3 (Louca, Parfrey and Doebeli 2016). FAPROTAX maps
the metabolic and ecological functions using the current litera-
ture on cultured strains. We removed from the output FAPRO-
TAX table the categories that are not applied in our study,
such as those related to human pathogens. In addition, we
decided to maintain both general (e.g. nitrification) and specific
FAPROTAX categories (e.g. ammonia oxidation). Although they
might represent redundant functions, the general categories
often include more than one metabolic pathway. Sequencing
data were deposited in the National Center for Biotechnol-
ogy Information Sequence Read Archives under BioProject ID
PRJNA691928.

DCF in water and sediment samples

In situ-simulated incubations in the dark with *C-bicarbonate
(Steemann-Nielsen 1952) with slight modifications (Reinthaler,
van Aken and Herndl 2010) were performed to determine the
chemosynthetic microbial production of DCF in the water col-
umn and sediment strata. First, aliquots of water samples
(50 mL) and sediment samples (5 g) were inoculated with 10 pCi
14C-bicarbonate (specific activity 56 mCi mmol~?, Perkin Elmer,
USA) and incubated in the dark at an in situ temperature for 6-
12 h, depending on the sampling area and depth. Incubations
were stopped by the addition of formaldehyde (2% final concen-
tration), and the water samples were filtered into 0.22-um mem-
branes using a vacuum pump and manifold. Next, the mem-
branes and sediment samples were exposed to a fume of con-
centrated HCI to remove the remaining *CO,. After that, the
membranes of the sediments were placed into scintillation vials
with 5 mL of scintillation cocktail (Optiphase Hisafe 3, Perkin
Elmer) and left in the dark for at least 24 h before being counted
(30-60 min per sample, respectively) with a liquid scintillation
counter (Perkin Elmer Tricarb 2810 TR). After calculations, the
results given in disintegrations per min were converted into pro-
duction rates of carbon per area and time (ugC m= h?) following
Steemann-Nielsen (1952) and Teixeira (1973).

To compare the difference within DCF at each depth and
each layer, we performed an analysis of variance (ANOVA) fol-
lowed by Tukey’s post hoc multiple-comparison test. Data nor-
mality was tested using a Shapiro-Wilk test, and a log(x) trans-
formation was applied when data did not fit normality. The
Pearson correlation coefficient was used to examine the rela-
tionship between DCF rates and environmental factors. Further-
more, we conducted a simple linear regression analysis on a
log scale to evaluate the impact of the water column DCF rates
on the sediment rates. A principal component analysis (PCA)
was carried out to the correlation matrix to identify the main
factors responsible for the total variance on the water column
and possible ordination of the samples. Following the PCA, a
PERMANOVA based on the Bray-Curtis dissimilarity matrix was
performed to statistically determine if any patterns observed
in the PCA were valid. The tests mentioned above were car-
ried out using the software PAST v. 4.03 (Hammer, Harper and
Ryan 2001).

RESULTS
Physical-chemical parameters of water samples

Seawater temperature ranged from 6.7 to 24.6°C and salin-
ity from 34.4 to 37.2 psu, both decreasing with depth. Phos-
phate and nitrate presented minimum concentrations (0.05 and
0.33 pmol L7, respectively) at the surface of station P686 and
maximum concentrations (1.58 and 21.37 umol L™, respectively)
at the deepest stratum of station P686. Silicate concentrations
ranged from 0.64 umol L at the surface of station P685 to
50.32 umol L at the most profound depth of station P686. Nitrite
concentrations varied from 0.01 umol L™ at the surface of sta-
tion P685 to 0.05 umol L™ at the intermediate depth of station
P686. Ammonium ranged from 0.05 pumol L at the surface of
station P687 to 0.42 umol L' at the intermediate depth of sta-
tion P686. The results of the physical-chemical characteristics
are given in Supplementary Table 2.

Alpha diversity of water and sediment samples

We obtained 804 914 sequences distributed among 30 sediment
samples and 385 288 sequences among 12 water samples. A
mean of 975 amplicon sequence variants (ASVs) (SD =+ 270) was
detected in sediment samples and 548 ASVs (SD =+ 250) in water
samples. The values of alpha diversity indices are given in Sup-
plementary Table 3.

Water samples presented a mean number of ASVs of 571 (SD
+ 78) for deep waters, 792 (SD + 66) for intermediate waters and
235 for surface waters (SD + 72). Shannon mean values were
higher in deep (5.08, SD + 0.28) and intermediate waters (5.76,
SD + 0.12) and lower in surface waters (3.28, SD =+ 0.23). All alpha
diversity indices (observed ASVs, Chaol, Simpson and Shannon)
were significantly higher in deep and intermediate waters than
the surface waters.

Sediment samples presented a mean number of ASVs of 934
(SD =+ 134) for the 0-5 cm stratum, 954 for 5-10 cm (SD =+ 176)
and 1004 for 10-15 cm (SD =+ 385). The gravity-corer sample
(350 cm) exhibited 436 ASVs. The mean values for Shannon were
6.15 (SD + 0.17) for the 0-5 cm (SD =+ 0.32) stratum, 6.11 for 5-
10 cm (SD =+ 0.32) and 5.86 for 10-15 ¢cm (SD + 1.24), and 4.52 for
the gravity-corer sample (350 cm). No significant difference in
alpha diversity indices among sediment strata or location was
detected.
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Beta diversity of water and sediment samples

We observed a clear and expected separation among water
and sediment communities based on NMDS with the weighted
Unifrac distance (Fig. 2) and the PERMANOVA analysis. Water
communities were shown to be separated by depth (R? = 0.66,
P = 0.001) and not by location (R? = 0.07, P = 0.991). Sediment
communities were shown to be structured by both strata (depth)
(R2 = 0.24, P = 0.001) and location (R? = 0.24, P = 0.001).

The pairwise PERMANOVA showed that sediment samples
from 0-5 cm were similar at all stations (P > 0.05). Samples at
5-15 cm from P685 and P687 (top of ACCR) were very similar
to those at 0-5 cm (P > 0.05 for all pairwise tests). Samples at
5-15 cm from P686 and P688 (base of ACCR) were significantly
distinct from the other samples (P < 0.05 for all pairwise tests),
suggesting a sediment stratification only at these stations. As
expected, the gravity-corer community (P686) was distinct com-
pared with the sediment samples from 0-15 cm.

Microbial community composition in water samples

The most abundant phyla of the surface water samples were
Proteobacteria, Actinobacteria, Bacteroidota and Cyanobacte-
ria, containing the classes Alpha- and Gammaproteobacte-
ria, Acidimicrobiia, Bacteroidia and Cyanobacteria, respectively
(Fig. 3). Intermediate and deep-water communities included
the abundant phyla Proteobacteria, Thermoplasmatota, SAR324
clade (Marine group B), Marinimicrobia (SAR406 clade), Chlo-
roflexi, Bacteroidota, Crenarchaeota and Nitrospinota, and
classes such as Dehalococcoidia, Nitrososphaeria, Marinimicro-
bia (SAR406), Nitrospinia, Marine Group B (SAR324) and Thermo-
plasmata.

Microbial community composition in sediment samples

The most abundant phyla in sediment samples detected from
all depths and stations were Proteobacteria, Planctomycetota,
Acidobacteriota, Chloroflexi, NB1-j, Methylomirabilota, Nitro-
spirota, Bacteroidota and Crenarchaeota (Fig. 4). In addition,
samples at 5-10 cm and 10-15 cm from P686 and P688 (base
of ACCR) also showed abundant Desulfobacterota, Chloroflexi,
Sva0485 and Nanoarchaeota.

Some classes were predominantly found in P686 and
P688 (base of ACCR) samples between 5 and 15 cm: Bath-
yarchaeia, Aminicenantia, Dehalococcoidia, Desulfobacteria,
Desulfuromonadia, Nanoarchaeia, Phycisphaerae, Syntro-
phobacteria, Thermodesulfovibrionia and Thermoplasmata
(Supplementary Fig. 2). The Gravity-corer sample (350 cm
depth, P688) was mainly composed of the phyla Plancto-
mycetota, Chloroflexi, Thermoplasmatota, Acidobacteria,
Hadarchaeota, Asgardarchaeota, Desulfobacterota and Nanoar-
chaeota, and by the classes Aminicenantia, Dehalococcoidia,
Desulfobacteria, Bathyarchaeia, Nanoarchaeia, Phycisphaerae
and Thermoplasmata.

Prediction of metabolic and ecological processes

The most abundant predicted functions in surface waters were
related to phototrophic processes, comprising relative abun-
dance values of between 21.3 and 24.3% (Fig. 5A). Prediction
of heterotrophic processes in surface water samples varied
between 0.3 and 1.4%. In intermediate and deep-water sam-
ples, nitrification, including ammonia and nitrite oxidation, was
the most abundant predicted process within the nitrogen cycle,
comprising 1.1 to 18.0% relative abundance among samples. A
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high proportion of phototrophy was also predicted for interme-
diate and deep-water samples, varying between 0.07 and 22.2%.
Other processes were predicted in minor proportions for inter-
mediate and deep-water samples, such as chemoheterotrophy
(1.4-19.4%), dark oxidation of sulfur compounds (0.2-8.9%) and
nitrate reduction (0.2-8.3%).

In sediment samples, the most abundant predicted pro-
cesses (except for the 350-cm core sample) were nitrification,
mostly related to ammonia oxidation, comprising percentages
of between 16.9 and 45.3% (Fig. 5B). Lower values of nitrifica-
tion were detected among samples between 10 and 15 cm from
the base of ACCR. Chemoheterotrophy was shown to be abun-
dant among all sediments, with values varying between 3.1 and
46.3%. Minor values of chemoheterotrophy were mostly associ-
ated with samples from the top of ACCR. Other abundant pro-
cesses, such as fermentation, were also predicted, mainly in the
deepest strata of the base of ACCR, varying between 50 and 3.6%.
Less abundant processes, such as nitrate reduction (2.3-0.1%,
mostly on top of ACCR), methanogenesis (2.8-0.1%, mainly on
the deepest strata of the base of ACCR) and aromatic compound
degradation, were predicted to be of a higher proportion (0.6%)
for the gravity-corer sample (350 cm). Detailed values of func-
tions predicted by FAPROTAX (relative abundances per sample)
and the microbial taxa assigned to the most abundant functions
(absolute abundances) are provided in Supplementary Table 4.

Distribution of DCF rates in the water column and
sediments

When comparing all stations, station P685 (top of ACCR) and
P686 (base of ACCR) presented the highest and lowest DCF rates,
respectively, in the pelagic and benthic systems (Fig. 6). In the
water column, DCF rates varied from 7.76 x 10 pugC m= h! at
the intermediate depth of station P687 to 1.14 x 10 pgCm=h
at the intermediate depth of station P685 (Fig. 6B). Even although
the DCF rates appear to be higher at deeper depths (Fig. 6A), this
difference was not significant (P > 0.05).

DCF rates in sediments ranged from 0.18 ugC m= h! at the
5-10 cm layer of station P687 to 0.67 pugC m= h™ at the 10-
15 cm layer of station P688 (Fig. 6D). DCF rates in sediments were
homogeneous (Fig. 6C) and there was no significant difference (P
> 0.05) between sediment layers.

Influence of the environmental factors on DCF in water
samples

The PCA showed a separation between the surface, intermedi-
ate and deep water depths (Fig. 7). The first component (PC1)
explained 74.0% of the total variation, being positively corre-
lated with nitrate (r = 0.99), depth (r = 0.99), phosphate (r =
0.97), silicate (r = 0.96), DCF (r = 0.68), ammonium (r = 0.54) and
nitrite (r = 0.47). The second component (PC2) explained 17.7%
of the total variation, being positively correlated with nitrite (r
= 0.82), ammonium (r = 0.79), temperature (r = 0.29), salinity (r
= 0.13) and silicate (r = 0.04). The observed separation of sam-
ples between depths was significantly different (PERMANOVA, P
=0.003).

DCF rates were positively correlated with depth (r = 0.67, P
= 0.016), phosphate (r = 0.62, P = 0.01) and nitrate (r = 0.64, P =
0.026), and negatively correlated with temperature (r = -0.71, P
= 0.017) and salinity (r = -0.66, P = 0.016). The DCF rates in the
water column positively correlated with the DCF rates in the
sediments (r = 0.64, P = 0.033) and a simple linear regression
showed an explanation of 41% (R? = 0.41) of the variability of
DCF rates in sediment in relation to water.
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Figure 3. Microbial community composition in water samples associated with the Alpha Crucis Carbonate Ridge. The figure shows the relative abundance of bacterial
and archaeal taxonomic groups at class level. Samples are grouped according to the water column depths. Only classes with more than 0.1% of abundance are
represented. Sequences were taxonomically classified using the Silva database v. 138.

DISCUSSION the SW Atlantic Ocean. Even although the acoustic data indi-
cates seepages at the foot of the ACCR (Maly et al. 2019), no geo-
chemical or biological evidence has been found to confirm the
presence of a seep-related ecosystem in the studied area.

We have provided the first description of the microbial diversity
and chemosynthetic activity in the water column and sediment
strata associated with a carbonate ridge recently described in
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bacterial and archaeal taxonomic groups at phylum level. Samples are grouped according to sediment strata and the location on the mound. Only phyla with more
than 0.1% of abundance are represented. Sequences were taxonomically classified using the Silva database v. 138.

Microbial diversity in water samples associated with
the ACCR

The vertical distribution of physical and chemical parameters
of the water column followed typical temperature-salinity dia-
grams for the SW Atlantic Ocean (Cirano et al. 2006), with the
presence of the Tropical Water in the surface and the South
Atlantic South Water at the bottom. The phosphate, nitrate and
silicate concentrations were typical for this region, with low val-
ues of the nutrient-depleted waters of the BC (Brandini et al.
2000).

We observed significant differences in microbial community
structure across water depths, suggesting no influence of the
regions of the ACCR on microbial diversity. Surface communi-
ties exhibited the lowest alpha diversity indices and an expected
high relative abundance of photosynthetic groups, such as
Cyanobacteria, and minor proportions of chemoheterotrophs,
mainly related to the families Alteromonadaceae, Halomon-
adaceae and Sphingomonadaceae, according to our predicted
metabolic analysis. Intermediate and deep-water communities
were more diverse than surface waters, showing a predom-
inance of ammonia-oxidizing Archaea (Nitrososphaeria), the
uncultivated bacterioplankton groups Marinimicrobia SAR406
and SAR324 (Marine Group B), the nitrite-oxidizer Nitrospinia,
and Thermoplasmata class, mainly represented by Marine
Group II. Most of these taxa were already described as abun-
dant in meso- and bathypelagic regions from different locations
(e.g. Frank et al. 2016; Coutinho et al. 2020; Gao et al. 2020), except
for Marine Group II, which was first described in surface waters
as abundant planktonic photoheterotrophs (Rinke et al. 2019).
However, recent studies have found that some genera within
the Marine Group II adapted to nutrient-rich aphotic waters that
lost proteorhodopsin genes and then their phototrophic capac-
ity (Rinke et al. 2019).

Nitrification ~was one of the most abundant
chemolithotrophic processes predicted for the intermedi-
ate and deep-water samples, following the trend of higher
nitrate and ammonium concentrations at these depths. The
taxa related to nitrification were the nitrite-oxidizer Nitrospinia
and the ammonia-oxidizer Nitrososphaeria. Furthermore,
several isotopic and molecular studies described ammonia and

nitrite oxidation as one of the major biogeochemical processes
occurring in the aphotic zone (e.g. Casciotti 2016; Santoro
et al. 2017; Zhong et al. 2020). Regarding the sulfur cycle, the
oxidation of sulfur compounds was the overall metabolism
predicted for intermediate and deep-water samples and was
assigned predominantly within the family Thioglobaceae,
which was previously described in deep water masses (Spietz
et al. 2019; Gifford et al. 2020), and within the magnetotactic
family Magnetospiraceae, previously found associated with
deep-sea polymetallic nodules (Dong et al. 2016).

Microbial diversity in sediment samples on the ACCR

Although we did not detect statistical differences in alpha diver-
sity indices among sediment samples, the community structure
was significantly different when comparing samples from the
top and base areas of the ACCR. However, since the analysis
of the R? value for depth and location from the PERMANOVA
was not necessarily high, we emphasize that other environmen-
tal factors (not considered in this study, such as the physical-
chemical characteristics of the sediments) might also influ-
ence microbial community structure. Sediment communities
from the top of ACCR were very similar over a depth of 0 to
15 cm, with no stratification pattern and abundant taxa belong-
ing to classes such as NB1-j, Nitrosphaeria, Methylomirabilia,
Gammaproteobacteria and Nitrospiria. Methylomirabilia mem-
bers were recently described as involved with nitrite-dependent
denitrifying anaerobic methane oxidation (Ettwig et al. 2010) in
different freshwater and marine ecosystems (e.g. Chen, Zhou
and Gu 2014; Shen et al. 2016; Chen and Gu 2017), and a
recent study described for the first time their presence in cold-
seep sediments of the South China Sea (Jing et al. 2020). The
metabolic prediction showed that the nitrogen cycle, mostly
nitrification and ammonia oxidation, together with chemo-
heterotrophy, are probably the most abundant microbial pro-
cesses occurring in sediments of the top of ACCR. Several
of these microbial taxa and their associated ecological pro-
cesses are ubiquitous in oxic deep-sea benthic ecosystems (e.g.
Walsh et al. 2016; Hamdan et al. 2018; Li et al. 2019), includ-
ing coral carbonate mounds (Templer et al. 2011; van Bleijswijk
et al. 2015).
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Figure 5. Prediction of metabolic functions and ecological processes on water (A) and sediment (B) samples of the Alpha Crucis Carbonate Ridge (ACCR) using the
FAPROTAX 1.2.3 tool. Values are represented as relative abundances (%) of functions according to each sample. The colors indicate the water depths and the sediment
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might represent redundant taxa and functions (e.g. nitrification and ammonia oxidation).
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The lack of stratification on the top of ACCR likely indicates
the influence of the IWBC on the higher ground regions of
the ACCR, which strongly flows northeastwards (<0.3m.s™?),
transporting the Antarctic Intermediate Water as a part of the
Subtropical Gyre (Viana, Faugeres and Stow 1998; Bil6 et al.
2014), and deposits and mixes sediment on the mound (Maly

et al. 2019). Previous studies performed in other carbonate
mounds have indicated that nutrient input by currents likely
benefits the coral growth, especially in continental slope regions
(Dorschel et al. 2007), corroborating what we observed on the
ACCR since corals were only observed in samples from the top
of the mound. However, little is known about the influence
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of the local hydrodynamics and topography of the carbonate
mounds on microbial diversity. Van Bleijswijk et al. (2015)
performed one of the few studies that analyzed this influence
on microbial communities from a cold-water coral mound at
the Logachev Mound province, Northeastern Atlantic Ocean.
They focused primarily on describing differences of microbial
communities on overlying water samples (not along sediment
depths), and their results indicated a different community
between near-bottom water and overlying water (from 5 and
10 m). Since we did not collect near-bottom water samples (~ 0
to 5 m from the ground), nor performed current measurements
on the different regions of the mound, more studies are needed
to understand the role of local hydrodynamics on benthic and
pelagic microbial communities associated with the ACCR.

Communities from the first 5 cm of the base of ACCR were
similar to those from the top of the mound, which indicates
the influence of the same sediment deposits by the IWBC, but
likely in slower rates, as below 5 cm we observed a very dis-
tinct community, primarily based on taxa related to anaerobic
metabolisms. Community members of 5-15 cm from the base of
ACCR have been commonly described in anoxic and chemosyn-
thetic deep-sea benthic ecosystems (e.g. Li et al. 2019; Ohkubo
et al. 2020; Wang et al. 2020; Cai et al. 2021), which include several
uncultivated groups related to the carbon cycle, such as Bath-
yarchaeia, Aminicenantia, Dehalococcoidia, Nanoarchaeota and
Asgardarchaeota, as well as cultivated groups related to the
sulfur cycle, such as Desulfobacteria. The main predicted sul-
fur metabolisms from 5-15 cm of the base of ACCR were sul-
fate and sulfite respiration performed by the sulfate reducer
Desulfobacteria. The subsurface sediment community (350 cm
depth) collected on the base of ACCR was mainly composed of
uncultivated Bacteria and Archaea, similar to those described
for the 5-15 cm samples from the base of ACCR, but with the
archaeal members in higher proportions. It is important to high-
light that the metabolic predictions performed by FAPROTAX
are based on cultured strains (Louca, Parfrey and Doebeli 2016),
which has the advantage of the reliability of the assigned func-
tions but does not include uncultivated and new groups related
to chemosynthesis with metabolisms still poorly described and
not yet confirmed by physiological methods. One example of
an uncultivated group that has been suggested as an important
contributor to the carbon cycle worldwide is Bathyarchaeia, a
class described as global generalist distributed along with anoxic
sediments and, according to genomic evidence, has been asso-
ciated with several metabolic capabilities, such as acetogene-
sis, methane metabolism, and dissimilatory nitrogen and sul-
fur reduction (Zhou et al. 2017). Other groups, such as Asgar-
darchaeota, Aminicenantia and Nanoarchaeota, even although
widely described in anoxic deep-sea sediments (Farag et al. 2014;
John et al. 2019; Cai et al. 2021), still have their metabolic capabil-
ities poorly described, and their role in marine biogeochemical
cycles remains unknown.

Previous studies have described the carbonate features in
deep-sea ecosystems as habitats of chemolithotrophic and
chemoorganotrophic microorganisms that form a unique
microbial community structure. However, most studies have
been performed with carbonates associated with active cold
seeps. By contrast, the microbial diversity from carbonate
mounds with distinct geological features and from different
ocean basins remains poorly described, such as the ACCR,
without confirmation of seepage activity so far. These previous
studies, which have collected samples exactly on the regions of
the carbonate mounds with seepage activity, showed the pres-
ence of a combination of bacterial and archaeal groups, such

as ANME, Methylococcales, sulfate-reducing Desulfobacterales,
sulfide-oxidizing Thiotrichales and Atribacteria (Candidate divi-
sion JS1) (e.g. Levin 2005; Heijs et al. 2006; Marlow et al. 2014; Li
et al. 2019; Ruff et al. 2015, 2019; Jing et al. 2020). Other taxa such
as Methylomirabilota, Flavobacteria, Clostridia, Marine Benthic
Group B, Gamma- and Deltaproteobacteria were also described
in these studies. The communities described on the ACCR have
few members similar to those found in carbonate regions with
seepage activity, mainly Methylomirabilota, Desulfobacterota
and Thiotrichales (Gammaproteobacteria). However, the ACCR
lacks the other key taxa involved with anaerobic methane
oxidation, such as those within the ANME group.

Chemosynthetic community and rates on the ACCR

The process of chemosynthesis (herein referred to as DCF) rep-
resents a source of newly synthesized organic carbon that is
commonly associated with the deep sea but is also observed
from surface waters to the sediments (Reinthaler, van Aken and
Herndl 2010; Das et al. 2011; Bergauer et al. 2013; Zhou et al.
2017; La Cono et al. 2018). In addition, it is commonly associated
with redox interfaces that usually occur in cold seeps (Pimenov
et al. 2000; Savvichev et al. 2018) and hydrothermal vents (Tut-
tle, Wirsen and Jannasch 1983; Wirsen, Jannasch and Molyneaux
1993; Mandernack and Tebo 1999; McNichol et al. 2018).

The DCF rates vary significantly in the ocean and, in this
study, the observed rates in the water column were similar to
those found in the South China Sea (Zhou et al. 2017) but were
two to six orders of magnitude lower than the rates obtained
in the North Atlantic (Reinthaler, van Aken and Herndl 2010;
La Cono et al. 2018), Tropical Atlantic (Bergauer et al. 2013) and
Mediterranean Sea (La Cono et al. 2018). When compared with
those of other deep-sea ecosystems, the obtained DCF rates were
two orders of magnitude greater than those of water samples of
a shallow cold seep from the Laptev Sea (Savvichev et al. 2018)
and were similar to the hydrothermal vent fluids of the Crab Spa
Vent (McNichol et al. 2018). By contrast, the rates were one to
five orders of magnitude lower than hydrothermal vents in the
Galapagos Rift (Tuttle, Wirsen and Jannasch 1983; Mandernack
and Tebo 1999) and six orders of magnitude lower than the Mid-
Atlantic Ridge (Wirsen, Jannasch and Molyneaux 1993).

In sediments, the average DCF rates were three orders of
magnitude higher than in seawater. When compared with sedi-
ments from other deep-sea ecosystems, the DCF rates obtained
were up to three orders of magnitude higher than that of a cold
seep of the Laptev Sea (Savvichev et al. 2018), a pockmark on the
Vestnesa Ridge and of the Haakon Mosby Mud Volcano (Pimenov
et al. 2000).

The observed pattern of relatively higher DCF rates in the
sediment than in the water column above was also reported in
the Laptev Sea (Savvichev et al. 2018). In addition, it is known
that the sediments have high availability of reduced sulfur and
methane (Whiticar 1990; Orcutt et al. 2011), which are energy
sources for chemosynthesis and may have led to an intensifica-
tion of microbial processes in the sediment. Another hypothesis
is that in cold seeps, the plume has a significant influence in the
benthic zone but a limited role in the water column (Levin et al.
2016), which was not the case in our study due to the lack of an
active cold seep.

Although both P685 and P687 are located at the top of ACCR,
they have very different DCF rates. Relatively higher rates at sta-
tion P685 may indicate a different environmental condition in
the southern ACCR region, hypothetically the influence of the
IWBC and the topography of the Besnard Mound (the highest

€202 J18qWIBAON g0 UO Jasn ojned 0%,?1S ap apepisiaAiun Aq Z8962£9/0 1 | qBll/g//6/0|onie/oaswa)/wod dno-olwapese//:sdny woll papeojumoq



peak of the ACCR) (see Fig. 1 for location) exposing the south-
ern part of the ACCR to different hydrodynamics. More intense
mixing of the water column and sediments can provide greater
oxygenation, which is important to chemosynthetic communi-
ties, although DCF is, to some extent, possible without dissolved
oxygen (Das et al. 2011).

In the oceans, DCF is mainly associated with the oxidation
of ammonia and nitrite (Reinthaler, van Aken and Herndl 2010;
Pachiadaki et al. 2017). Although a relatively higher abundance
of bacterial and archaeal groups related to these metabolic pro-
cesses, such as Nitrososphaeria and Nitrospinia, was found,
there was no significant correlation between DCF rates and
ammonia or nitrite concentrations. This lack of correlation
may indicate that part of the DCF in the water column may
be attributable to heterotrophs through anaplerotic reactions,
which is a relevant process in oligotrophic conditions (Gonzalez
et al. 2008; Alonso-Saez et al. 2010) and is mainly determined by
the availability of labile organic carbon (Reinthaler, van Aken
and Herndl 2010). Thus, active anaplerotic metabolism could
explain why DCF in the water column is of the same order of
magnitude as in other deep-sea ecosystems. However, further
studies are needed to fully comprehend the contribution of the
anaplerotic reactions to DCF.

In oxic-anoxic interfaces, chemoautotrophy is expected to
be the major contributor to DCF (Zhou et al. 2017), as Das et al.
(2011) show in deep-sea sediments. As mentioned before, the
DCF rates obtained in the sediments in this study are compara-
ble with sediments from other cold seeps, which may indicate
that chemoautotrophy prevails in sediments of the SW Atlantic
Ocean. These high rates may be due to the ACCR-associated
seepage, most likely composed of methane (Maly et al. 2019), an
energy source for chemosynthetic microorganisms (Levin et al.
2016). However, as mentioned previously, this type of activity
has not yet been confirmed. Furthermore, groups related to sul-
fate reduction and methane oxidation, such as Desulfobacterota
and Methylomirabilota, respectively, were found in sediments,
and these microbial processes are typically present in cold-seep
sediments (Levin 2005). Therefore, additional studies are recom-
mended to determine which DCF metabolisms prevail in the SW
Atlantic carbonate mounds.

CONCLUSIONS

Using a combination of 16S rRNA gene sequencing and in situ-
simulated rates of DCF, we have characterized the microbial
communities and their chemosynthetic activity in the water col-
umn and sediments associated with a recently described car-
bonate mound located in the SW Atlantic Ocean. The micro-
bial communities of the water column are different over depths
and not by the location of the ACCR, with taxa related to pho-
toautotrophy more abundant near the surface and those related
to nitrification prevalent in intermediate and deep waters. We
found that the sediment communities at the top of ACCR were
related to oxic sediments and were probably mostly involved
with chemoheterotrophy and nitrification processes, besides
not presenting stratification at 0-15 cm, probably due to the
current influence (IWBC) on the deposition and mixing of sedi-
ments in higher regions of the mound. At the base of ACCR, sed-
iment communities at 5-15 cm were composed mainly of taxa
found in anoxic deep-sea benthic ecosystems, such as unculti-
vated and recently described archaeal members assigned within
Bathyarchaeia, Nanoarchaeota and Asgardarchaeota. Another
important outcome is that the ACCR harbors some taxa pre-
viously described in carbonate mounds with seepage activity,
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such as Desulfobacterota and Methylomirabilota, but lacks the
key taxa involved with anaerobic methane oxidation, as those
within the ANME group. DCF rates were relevant for the area,
comparable with deep-sea cold seeps and hydrothermal vents.
However, it is still unclear which metabolic pathways are the
main contributors to the DCF, and further studies are under-
way to reveal the active chemosynthetic members in the ACCR.
Finally, our study contributes to describing the deep-sea carbon-
ate microbiome and adds new information for future manage-
ment and conservation strategies of these geological features,
considering vulnerable marine ecosystems that urge a better
understanding.
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