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ABSTRACT

Pockmarks are geological features that often sustain hydrocarbon-related communities of microorganisms when
active, seeping oil or methane. Microbial communities of inactive pockmarks have not been well studied until the
present. Plenty of pockmarks in the Southwestern Atlantic Ocean have been discovered. However, no information
is available about the organic characteristics in association with the microbial diversity related to methane and non-
methane hydrocarbon consumption. This study examined the identity and potential ecology of the methane-related
microbial community in an inactive SW Atlantic Carbonate-enriched Pockmark (SWACP). Undisturbed sediment
cores were enriched with CH, 99.5% at 5°C, with samples harvested at 16h, 120h, 240h, 720h, and 960h, followed
by metataxonomics functional prediction, and the correlation of microbial groups with incubation and enrichment
types. The SWACP is depleted in organic compounds, and chemosynthetic production is dominant. Incubated
mini-cores of sediment were affected by incubation time and enrichment type, which influenced the microbial
composition. Although several taxa were shared among all sediment samples, specific groups per enrichment
type and incubation time were observed. These communities comprised taxa previously reported in marine
bottom waters, carbonate crusts, active cold-seeps, and inactive pockmarks. The methane-enriched taxa were
predominantly related to aerobic methanotrophy, methylotrophy, aerobic and anaerobic non-methane hydrocarbon
degradation, and fermentation. This study brings the first survey of the key microbial groups in methane fluxes of a
Brazilian deep-sea pockmark, providing data for understanding the ecology surrounding the SW Atlantic gas field
areas.

Descriptors: 16S rRNA gene, hydrocarbon, Methanotrophs, Methylotrophs, Fermenters.

INTRODUCTION

Pockmarks are crater-like depressions formed
by the collapse of the soft shallow marine seabed
from the reduction of subsurface hydrocarbon ex-

al., 2004) and are commonly found in oil and gas
fields (Haverkamp et al., 2014). These structures
are found in different environments, including the
continental slope and deep basin seabeds (Sumida

pulsion pressure related to seepages (Sumida et
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et al., 2004). They are present in all oceans, offer
a diverse geological history of sediment deposi-
tion, and are variable in size and morphology
(Marcon et al., 2013), receiving different sedimen-
tation fluxes and temperatures influenced by water
masses (Paull et al.,, 2002). Several pockmarks
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in the Southwestern (SW) Atlantic have been
described, including in the Santos Basin in the
Southeastern - SE Brazilian margin (Figueiredo
et al., 1999; Sumida et al., 2004; Schattner et al.
2016; de Mahiques et al., 2017), which consists
of a rich deep-water hydrocarbon province (Maly
et al., 2019) representing the most productive off-
shore oil and gas fields of Brazil.

Inactive pockmarks can still leak small amounts
of hydrocarbons and even trap gas within the sedi-
ment (Haverkamp et al., 2014), making them rich
in methane, hydrogen sulfide, sulfate, and am-
monium (Conway, 1994). Despite the main ther-
mogenic origin in deep sedimentary systems,
hydrocarbons are also synthesized by organisms
such as prokaryotes, plankton, and algae in bio-
synthetic products, which in turn are sedimented
through the marine snow and transformed by
abiotic processes or consumed by microorgan-
isms as an energy source (Wilkes, Jarling and
Schwarzbauer, 2020). In this way, pockmarks can
sustain micro- and macroorganisms based on hy-
drocarbons (Dando et al., 1991; Sibuet and Olu,
1998) and complex carbohydrates that are distinct
from the surrounding sediment (Haverkamp et al.,
2014). Hydrocarbon, including methane, utiliza-
tion in pockmarks was addressed in the water-
sediment interface of the Baltic Sea (Pimenov et
al., 2008), as well as in studies involving water-dis-
solved methane consumption in active cold seeps
(Joye et al., 2004). Asphalt seeps were described
on the SE Brazilian margin. However, studies are
lacking regarding pockmark microbial ecology and
biogeochemical roles in the deep-sea.

The culture-independent approach based on
DNA combined with undisturbed sediment enrich-
ment, preserving the stratification of nutrients,
cells, and gas, is a powerful technique to identify a
target microbial community without modifying the
local conditions nor requiring cultivation. The ad-
ditional 16S rRNA gene amplicon-sequencing in
the metataxonomics and the functional prediction
allow for the inference of metabolic potentials and
attribute effects on the biogeochemical cycles in a
given environment (Mann et al., 2010). To charac-
terize a marine inactive carbonate-enriched pock-
mark in the SW Atlantic through its methane-relat-
ed community, we enriched undisturbed sediment

Methane community of a carbonate-enriched pockmark

cores with methane, evaluated its consumption,
and identified the taxonomy of the differentially
abundant prokaryotes in enriched sediments
through 16S rRNA gene DNA amplicon-based
next-generation sequencing, and attributed their
ecology through functional prediction. The follow-
ing hypotheses were tested: (a) once the carbon-
ate-enriched pockmark is a hydrocarbon-rich sys-
tem, the microbiota associated with the methane
cycle must be enriched and able to consume the
available methane; (b) the by-products from the
methanotrophic pathway will favor the enrichment
of methylotrophs and heterotrophs; (c) in anoxic
layers, the methanotrophic by-products will enrich
fermenters and methanogens, leading to a release
of methane to the headspace.

This study is the first report of the methane-
related microbiota of a pockmark on the Brazilian
SE margin gas field region, providing data for un-
derstanding the ecology surrounding the current
and past active methane seeping areas of the SW
Atlantic.

METHODS

STUDY SITE

The Southwestern Atlantic Carbonate-enriched
Pockmark (SWACP) is located at a depth of 765 m
on the Brazilian SE continental slope (-24.5221
and -43.9308). The region is composed of di-
verse mounds and depressions (Maly et al., 2019)
where gas fields are located, and the station is lo-
cated along the alignment of 35-km long carbon-
ate mounds adjacent to the ACCR complex (May
et al., 2019) (Figure 1). The absence of gas flux
in acoustic profiling during the expedition confirms
the pockmark’s relative inactivity.

SEDIMENT SAMPLING

This study is part of the of the multidisciplinary
project “Biology and Geochemistry of Oil and Gas
Seepages, SW Atlantic (BIOIL)” (IO-USP/ Shell
Brasil/ANP), the first expedition for which was in
November 2019 aboard the R/V Alpha Crucis of
the Oceanographic Institute of the University of
Séo Paulo (IO-USP), described in Sumida et al.
(2022). One box corer of 50 x 50 x 50 cm was
sampled on the pockmark flank at station ST 681,
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Figure 1. Sampling map in the Santos Basin showing the location of the SW Atlantic carbonate-enriched
pockmark (SWACP). The expedition was carried out in November 2019 onboard the R/V Alpha Crucis

(10-USP).

north of the Santos Basin (Area 1). The sediment
sample shows a prevalence of calcium carbonate-
rich sand and mud (CaCO, = 22.78%). Deep-
sea corals of species Enallopsammia rostrata,
Solenosmilia variabilis, and Desmophyllum per-
tusum are also present in the box-core sample.
Metals ratios of the corals indicate nutrient enrich-
ment in the region (Trevizani et al., 2022). The
sediment is homogeneous gray until 20 centime-
ters below the seafloor (Figure SF1).

Seven undisturbed sediment mini-cores (10 x 2
cm) of 50 g wet weight were collected in 60 cc sy-
ringes using a manual vacuum-generated 200-cc
syringe, preserving the sediment structure. The mini-
cores were immediately sealed with bottom rubber
caps and upper 3-way syringe taps. The headspace
of the intact mini-cores was oxygen depleted with an
argon flush, and mini-cores were stored vertically at
4°C for further incubation with methane and molecu-
lar analyses onshore. Sediment for dark carbon fixa-
tion and heterotrophic microbial production analyses
was collected from 3 corers (7 x 20 cm) per box-corer,
and extruded and stored in Whirl-pack bags at -80°C.
Sediment samples for organic geochemical analyses
were collected and stored in aluminum containers
and kept frozen at -20°C.

SEDIMENT GEOCHEMICAL ANALYSES AND
MICROBIAL PROCESSES DETERMINATION

A group of seven sterols were selected for
analysis in the sediment samples: (1) C,, sterols:
cholestanol (5a(H)-cholestan-3p-0l—27A°%, cho-
lesterol (cholest-5-en-3B-0l—27A%); (2) C,, sterols:
brassicasterol  (24-methylcholest-5,22-dien-3[3-0
| -28A52%)  campesterol (24-methylcholest-5-
en-3B-ol - 28A%); (3) C,, sterols: stigmasterol
(24-ethylcholest-5,22(E)-dien-3[3-0l—29A5%22E),
B-sitosterol (24-ethylcholest-5-en- 3B-ol - 29A%),
and B-sitostanol (24-ethyl-5a-cholestan-3p3-ol
-29A%). n-Alcohols from n-C,, to n-C,; were con-
sidered. The analyzed hydrocarbons consisted
in the 16 EPA-priority PAH further than dibenzo-
thiophene, benzo[e]pyrene, and alkylated homo-
logues (C,—C,-naphthalenes, C,-C_-fluorenes,
C,—C,-dibenzothiophenes, C,-C,-phenanthrenes—
anthracenes, C,—C,-fluoranthenes-pyrenes, C.—
C,-chrysenes), and the aliphatic hydrocarbons
(n-alkanes n-C,,to n-C_, pristane, phytane). The
analytical procedure for the analysis of the or-
ganic compounds was reported by Lourengo et
al. (2021) and is detailed in the (Supplementary
Material SM1).
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The calcium carbonate content was determined
through gravimetric analysis of the weight differ-
ence before and after acidification of each sample
using 2M HCI. Total organic carbon, total nitrogen,
and &C (reported in %, PDB) analyses were per-
formed using a Costec elemental analyzer (EA)
coupled to a Thermo Scientific Delta Advantage
isotopic ratio mass spectrometer (IRMS) after
complete elimination of calcium carbonate from
the samples using 2M HCI. &N (reported in %o
Air) was also analyzed by EA-IRMS using non-
decarbonated samples.

The rates of the dark carbon fixation (DCF) and
heterotrophic microbial production (HMP) used in
situ-simulated incubations and were represented
in production rates of carbon per area and time
(gC m=h). The analytical procedure is detailed
in the Supplementary Material SM2.

METHANE MICROCOSMS’
DESIGN

EXPERIMENTAL

We intended to enrich the community with af-
finity to methane on a simulation of a cold-seep
discharge with the injection of a high amount of
methane. The seven intact mini-cores, contain-
ing 46.65 + 6.91 g of sediment, 3.87 + 2.25 mL
of tube headspace, and a tube headspace/sedi-
ment ratio of 0.90 + 0.07, were changed by CH,
99.9% (Whyte Martins, USA) at rates of 200, 000
— 500, 000 ppmv, a mean of 15,478.87 nmol.L".
The intact mini-cores were then randomly dis-
posed of in tube racks inside the incubator BOD
TE-371 (Tecnal, Brazil) and incubated at 5°C. The
intact mini-cores were distributed into five groups
of kill samples, harvested, and destroyed after
16h, 120h, 240h, 720h, and 960h of incubation.
After 480h, the samples 720h and 960h had the
headspace changed by a new methane injection.
Thus, samples from 16h to 240h were 1 time-
flushed (1TF), and samples of 720h and 960h of
incubation were 2 times-flushed (2TF). Negative
controls flushed only with argon were set at the
beginning (16h) and end (960h) of incubation. The
harvested headspaces were stored in airtight se-
rum vials, closed with sterile butyl-rubber stoppers
(autoclaved) and crimp caps, and kept up to the
measurement in gas chromatography. Harvested
sediment samples were immediately frozen at
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-20°C for DNA extraction. The 0-10 cm sediment
samples were separated in strata of 0-5 cm and
6-10 cm. Only the first stratum was used.

METHANE OXIDATION RATE ESTIMATION

Headspace methane was quantified in a gas
chromatograph (GC6850, Agilent Technologies)
equipped with a flame ionization detector (FID)
and a 0.1 mL sample loop. A methane standard
curve was generated using CH, 99.5% (White
Martins) dilution in room air from 1:1 to 1:10. The
conversion of GC area to nM (Nakayama et al.,
2011) is represented in Equations 1 and 2, and
the methane oxidation rate in nmol g h™' (Nagel,
2020) is represented in Equation 3. Each day of
measurement, a pure CH, was standardized. To
avoid overestimation and cross-contamination
between samples, the column was cleaned with
1 to 3 syringes filled with 0.2um filtered room air
between measurements. When necessary, satu-
rated CH, samples were diluted in 0.2um filtered
argon (Ar).

Equation 1: Standard CH,[nM]=

injected CH,[1 * 10" L]* Gas purity[0.995]
Molar volume (22.4 L)

Equation 2: Headspace CH,[nM]="

Sample area * Standard CH,[4,441.96nM |
Standard CH, area

Equation 3: CH, oxidation rate [nmol * g™ * ']

_ __Initiallnmol] — Final[nmol]
wet weight sediment| g|* timelh]

DNA ExTRACTION AND 16S RRNA GENE
METATAXONOMICS

DNA extraction from the 0-5 cm sediment sam-
ples was performed using the DNEasy PowerMax
Soil Kit (Qiagen, Germany) with 5 g, modified by
a C1 vortex for 20 min, and incubations were at
-20°C instead of 2-8°C, for 10 min. The volume
of generated DNA (> 1 mL) was concentrated,
and the PEG/NaCl with linear polyacrylamide
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precipitation was utilized (Bartram et al., 2009) to
avoid loss. The amplicon-based next-generation
sequencing of the V4 hypervariable region of the
bacterial and archaeal 16S rRNA genes, ampli-
fied with the primers 515F-Y and 926R (Parada
et al., 2015), was developed at the NGS facil-
ity (Piracicaba, SP, Brazil) in a single run on the
lllumina Miseq platform in a 250 bp paired-ended
system. Sequencing data were deposited in the
National Center for Biotechnology Information
Sequence Read Archives (SRA) under BioProject
ID PRINA840942.

BIOINFORMATICS

Analyses were developed as detailed in
Bendia et al. (2021). Raw sequences were import-
ed to QIIME2 (v.2020.2, https://docs.qgiime2.org/)
(Bolyen et al., 2019) using the g2-tools-import
script. After visual inspection of quality profiles,
the reads were quality filtered > 28, the forward
reads were truncated at position 259, and the re-
verse reads at 190, using the g2-dada2-denoise
script. Primer sequences were removed using the
same script. DADA2 denoising was used to ob-
tain a set of Amplicon Sequence Variants (ASV)
(Callahan et al., 2017). Alpha and beta diversity
metrics were computed through the g2-diversity
core-metrics script at a rarefied sampling depth
of 30,081 sequences (Figure SF2). Taxonomy
was assigned through feature-classifier classify-
Sklearn and SILVA database v.138 trained for the
primers 515F-Y and 926R. The phylogenetic tree
was built by FastTree (Price et al., 2009) and the
MAFFT aligner (Katoh et al., 2009).

FuNcTIONAL PREDICTION

The assignment to potential functions was
performed using the FAPROTAX tool (Louca et
al., 2016). The functional prediction used bac-
terial and archaeal taxonomy as entries for an
edited database (this study), developed by the
FAPROTAX_1.2.4 database (Louca et al., 2021)
amendment with the addition of 2,051 taxonomi-
cal entries, 22 new ecological roles based on cul-
tured from IUSEM database (Barberan, 2016) and
LPSN database (Parte, 2018), also from direct
searches for functions and genes on NCBI (https://
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www.ncbi.nlm.nih.gov/search/), SILVA database
(Yilmaz et al., 2014), and genome and metage-
nome-assembled genome reports. In addition,
commonly found taxa and microbial bioindicators
of five habitats were added for ecological charac-
terization. Functions were also revised to allocate
those which are interconnected (taxa associated
with multiple functions and levels of functions).
Our edited database is available at https://doi.
org/10.5281/zenodo.7226298. Database amend-
ment details can be found in Supplementary
Materials SM3.

STATISTICS

The richness, Shannon, and InvSimpson
diversity indexes were calculated using phylo-
seq (McMurdie and Holmes, 2013) and vegan
(Oksanen et al., 2013) packages. To compare the
structure of the communities among enrichment
type and incubation times, a principal coordinate
analysis (PCoA) ordination was performed based
on Weighted Unifrac distance (Lozupone et al.,
2011). To predict the differential abundance of taxa
in methane-enriched samples, we compared the
controls to the enriched samples (samples at 16h
and 960h) in the compositional constraints with
ANCOM (Mandal et al., 2015), and the significant
clr (W > 4) were reported using the ggplot2 pack-
age (Wickham et al., 2016). The presence and ab-
sence of unique and shared taxa were reported in
the UpSet plot using the UpSetR package (Conway
et al.,, 2017). The corresponding predicted func-
tions and phylum, or class, were reported with the
ggplot2 package, as well. Spearman’s monotonic
correlations between the phyla and the enrichment
attributes (methane presence or absence, and in-
cubation times) were estimated using the hmisc
package (Harrell et al., 2019) by applying the p <
0.05. To be able to find the phyla that correlate to
the methane rates and to a certain enrichment type
and incubation time, we developed the approach of
disentangling the variable “sample” (with or with-
out methane by their different incubation times) to
create the matrix against the ASVs, which were
pooled in the taxonomic level phylum. The correla-
tion network was performed using Gephi software
(Bastian et al., 2009).
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RESULTS

GEOCHEMICAL ANALYSIS AND MICROBIAL
PRODUCTION IN THE SWACP POCKMARK

The 5 cmbsf sediments showed low rates of
dark carbon fixation (DCF) and heterotrophic mi-
crobial production (HMP). Considered with the
rates of total organic carbon (TOC), isotopic signal
8'3C (reported in %o PDB), total nitrogen (TN), and
C/N ratio (Table 1), this corresponds to an oligotro-
phic system. The dissociation between DCF and
HMP indicates a predominance of chemoauto-
trophic processes in the SWACP chemosynthetic
system. Although C and N concentrations were
deemed at the detection limit, their ratios were
used for organic matter qualification.

Biogenic origin of alkanes was evident in the
higher rate of long-chain AH (C,-C,) (Table 2).
On the other hand, the C,./C, ratio > 0.4 and C,/
C,, < 1 confirm a terrigenous influence. Although
the HMW/LMW-AHs > 1 suggests a petrogenic in-
put, the relative concentration of all AH typical of
petroleum was not present. No Pristane was de-
tected, in addition to not being able to calculate
TAR and CPI correctly. In addition to the aliphatic
hydrocarbons, the amount of methane detected
in the sample control-16h indicates in-situ meth-
ane presence, entrapped in the sediment cores
(Table 2).

Target petroleum PAHSs, such as Naphthalene,
Phenanthrene, Pyrene, Fluorene, Fluoranthene,
low rates of Acenaphthylene, Benzo[b]fluoran-
thene, 2- and 1-Methyl-naphthalene, and Chrysene
were at the detection limit (Table 2). Petroleum ori-
gin was also evident in the LMH-PAHs dominancy
over HMW-PAHSs and by the Fluoranthene/Pyrene
ratio (0.3). Fluoranthene and Pyrene also suggest
pyrolytic origin.

Sterols concentrations (Table 2) were low.
Land- and marine-derived organic matter was

Methane community of a carbonate-enriched pockmark

evident from the occurrence of fatty alcohols C,
and C,, (Table 2).

6

METHANE CONSUMPTION IN THE INCUBATED
SAMPLES

We observed constant methane consumption
with incubation time by the decrease of methane
in the headspace (Figure 2a) of 10.18 nmol g h™
until 16h (equivalent to 51% of total consumption),
1.83 nmol g h™' until 120h (equivalent to 65% of
total consumption), 1.10 nmol g' h' until 240h
(equivalent to 81% of total consumption), 0.51
nmol g h' until 720h (equivalent to 93% of to-
tal consumption), and finally 0.34 nmol g h' until
960h (total consumption of methane). The initial
environmental methane of 124.11 nM was com-
pletely oxidized by the end of the incubation time
in the control sample (control-960h).

ALPHA AND BETA DIVERSITY OF THE INCU-
BATED SAMPLES

Valid sequences totaled 366,325 (mean
52,332 + 2,113) among the seven sediment sam-
ples, clustered into a mean of 749 amplicon se-
qguence variants (ASVs) (SD + 40). Methane input
and incubation time overall affected the microbial
community composition (Figure 2¢). Though the
lack of change in richness (Shannon) throughout
the incubation is indicative of stability in diversity
and perhaps functionality of the community, com-
munity selection occurred through the decrease
of alpha diversity indices of ASVs number, the
dominance of groups (InvSimpson), and pres-
ence of rare groups (Fisher) (Figure 2b). Looking
closely at incubation types (Table ST1), we ob-
served that the initial control sample (control-
16h) harbored the vast diversity typical of an en-
vironmental sample, which was depleted after 40
days of incubation (control-960h). With respect to
methane input, methane oxidation during the first
120h (enriched-120h) exerted selection pressure,

Table 1. Geochemical and microbial data of the SWACP region: carbonate, carbon fractionation, carbon, and
nitrogen availability, and microbial production rates of Dark Carbon Fixation and Heterotrophic Microbial Production.

DCF HMP TOC TN C/N CaCoO,
ngC.m3.h pgC.m=3.h Y% % % %o
12513.17 41.33 0.90 -20.86 0.14 6.43 22.78
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lowering the diversity indices of ASVs number
(Observed) and richness (Shannon), but increas-
ing evenness (E=Shannon/Observed), leading
to community homogenization with lower group
dominance (InvSimpson) and lower presence
of rare groups (Fisher). The diversity indexes of
ASVs number, richness, and rare groups then
progressively increased between 240h and 960h
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(enriched-240h < 720h < 960h), while dominant
groups (InvSimpson) only increased toward the
end of incubation, between 720h and 960h (en-
riched-720h < 960h), resulting in a new commu-
nity with higher diversity indices of ASVs number
and richness, with dominant groups, and a higher
portion of rare groups (Observed, Shannon,
InvSimpson, and Fisher, respectively).
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Figure 2. Microbial community composition of deep-sea sediments of a pockmark in the Southwestern
Atlantic margin enriched with methane. (A) Methane quantification and respective microbial composition
per incubation time and enrichment type; -CH, + Ar, Argon incubation in the controls destructive samples
harvested at 16h and 960h; +CH, + Ar, Argon, and methane incubation in the enriched destructive samples
harvested at 16h, 120h, 240h, 720h, and 960h. Sequences were taxonomically classified using the Silva
database v. 138. (B) ASVs alpha diversity indexes are grouped by enrichment type. (C) Biplot of PCoA is
based on weighted Unifrac distance of the most abundant taxa (>1%) in all samples per enrichment time.

MICROBIAL COMMUNITY
AMONG INCUBATED SAMPLES

COMPOSITION

Regarding microbial composition per en-
richment type, the most abundant phyla in the
controls and in the methane-enriched sam-
ples were, respectively: Crenarchaeota (25.9
% and 24.9 %), Proteobacteria (24.7% and
25.0 %), Planctomycetota (7.7 % and 7.1 %),
Acidobacteriota (6.1% and 6.7 %), NB1-j (4.7
% and 5.1 %), Chloroflexi (4.6 % and 4.8 %),
Methylomirabilota (4.1 %, and 4.8 %), Myxococcota
(3.8 %, and 3.9 %), Gemmatimonadota (3.4
% and 3.2 %), Nitrospirota (2.3 % and 2.3 %),
Bacteroidota (2.7 % and 1.8 %), Nanoarchaeota
(1.5 % and 1.7 %), Schekmanbacteria (1.0%
and 1.2 %), Actinobacteriota (1.2 % and 1.1 %),
Verrucomicrobiota (1.0 % and 1.1 %) (Figure 2a).
The community structure at class level is detailed

in Figure SF3.

CORRELATION OF THE MICROBIAL COMMU-
NITY

Co-occurrence was observed through signifi-
cant (p<0.05) Spearman correlation, suggesting

interactions of microbial communities with meth-
ane detection and consumption, incubation
times, and enrichment types (Figure 3). Overall,
methane detection was positively correlated with
Acidobacteriota (0.82), Chloroflexi (0.79), and
the low-abundant Elusimicrobiota (0.82), while
methane detection and oxidation were negatively
correlated with Bacteroidota (-0.93, and -0.86, re-
spectively). The control-16h, enriched-16h, and
enriched-120h samples showed similar microbial
groups, while enriched-720h exhibited diverse cor-
relations. Even more distinct were the control- and
enriched-960h samples. Correlations with incuba-
tion time were positive between control-16h and
the low-abundance TAO6 (1.00), besides with the
keystone Euryarchaeota (0.76). Euryarchaeota
in turn was positively correlated with the low-
abundance phyla AncKe6 (0.76), Desulfobacterota
(0.76), Fibrobacterota (0.94), Hydrogenedentes
(0.82), and Marinimicrobia SAR406 clade (0.80).
Also, correlations with incubation time were posi-
tive between control-960h and Aenigmarchaeota
(1.00). Correlations with incubation time in
enriched samples were positive between
enriched-16h and Asgardarchaeota (1.00),
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Methane community of a carbonate-enriched pockmark

Figure 3. Network analysis based on Spearman rank correlation exhibiting potential interactions of
microbial communities with enrichment time and methane detection and consumption in deep-sea
pockmark sediments of the Southwestern Atlantic margin. Only significant (p < 0.05) Spearman
correlations are shown: blue lines, positive correlation; red lines, negative correlation; correlation
numbers are indicated in the lines. The circle colors differentiate the variables: green, CH, oxidation rate
in nmol.g”; red, CH, detection in the headspace in nM; yellow, controls; blue, enriched samples; different
colors were generated by the superposition of colors. Spearman correlation was performed using hmisc

in R software. The network was built in Gephi 0.9.2.

Armatimonadota (1.00), Campilobacterota (1.00),
DTB120 (1.00), Armatimonadota (1.00), and the
keystone Fibrobacterota (0.76); positive between
enriched-120h and TA06 (0.76), which in turn was
negatively correlated with MBNT15 (-0.76) and
Proteobacteria (-0.76); positive between enriched-
720h and Halanaerobiaeota (1.00), Poribacteria
(1.00), and the keystone RCP2-54 (0.76); and
finally positive correlation occurred between en-
riched-960h and Deinococcota (1.00) (Figure 3).
The enriched-240h did not show any correlation.

DIFFERENTIALLY ABUNDANT COMMUNITIES
AMONG INCUBATED SAMPLES

Differentially-abundant taxa across incubation
times and enrichment types are detailed in Figure
4, and the ASVs analysis is detailed in Figure
SF4. The most significant number of unique tax-
onomies was found in the methane enriched-16h
(47 unique taxa), followed by the control-16h (39
unique taxa). The number then decreased from
enriched-16h to enriched-120h (17 unique taxa)
and increased again for the enriched-240h (23
unique taxa). For the enriched-720h (the second-
time CH, flush (2TF)), we detected an increase
(38 unique taxa), which persisted through the

enriched-960h (37 unique taxa). The control-960h
had a lower number of unique taxa (30 unique
taxa). Ten shared taxa are related to the 2TF (en-
riched-30" and enriched-40" days), eight shared
taxa are related to 960h incubations (control and
enriched), and four taxa remained exclusive to
the controls. The ANCOM differential abundance
across enrichment types, a pool of control or en-
riched samples at 16h and 960h, is represented
in Figure SF5. The differentially-abundant taxa in
controls were mainly uncultured.

FUNCTIONAL PREDICTION BASED ON THE
TAXONOMY OF THE INCUBATED SAMPLES

Functional prediction was performed over the
entire dataset (681 unique taxa from ASVs), and
differentially abundant groups were assigned to 50
functions, through which 160 ASVs (23.50%) were
assigned to at least one function. In comparison,
521 unique taxa from ASVs (76.50%) had no ref-
erence for functional assignment and correspond
to uncultured or uncategorized. The functional
prediction over the enrichment types (control and
enriched), incubation times per enrichment type
(controls at 16h and 960h, enriched from 16h to
960h), and the functional prediction over unique,
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Figure 4. Upset Plot composed of bacterial and archaeal taxonomies identified among ASVs detected on the harvesting times of
the methane incubation of deep-sea intact pockmark sediment cores of Southwestern Atlantic margin. Black lines connecting circles
indicate shared taxonomies. Black points solely indicate unique taxonomy presence per set. Vertical bars indicate intersection size
(number of complete taxonomies, up to Species from the assignment with Silva v.138) on each set. Bar colors represent the taxonomy
at the phylum level. Connections colors are described along with the text. Ten shared taxa are related to the 2TF (enriched-30th and
enriched-40th days) (purple connection); 8 shared taxa are related to 960h incubations (control and enriched, green connection); 4
taxa remained exclusive of control-16h and control-960h (blue connection).

Figure 5. Functional prediction of the microbial community among enrichment types, incubation times,
and the differentially abundant methane microcosms of deep-sea pockmark sediment cores of the
Southwestern Atlantic margin. Predicted functions and commonly found habitats, y-axis, per intersection
type, x-axis; colors indicate the respective microbial pathway. Datasets: taxa are grouped by incubation
time and the enriched type and per intersection type, x-axis, in the unique presence of taxa in “Un.
Control-960h” and “Un.Enriched-960h”; shared taxa in the entire dataset are represented in “Core”;
ANCOM differential abundant taxa (W > 4) between controls and enriched samples (pool of 16h and
960h of each enrichment type) are represented by “Unique_DA_Controls” and “Unique_DA_Enriched”.
Sequences were taxonomically classified using the Silva database v. 138, and taxonomy-based
functionally predicted with the FAPROTAX tool based on an amended database developed in this study.
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Methane community of a carbonate-enriched pockmark

Figure 6. The functional prediction of the microbial community is differentially abundant on the methane microcosms of deep-sea
intact pockmark sediment cores of Brazilian SE Atlantic. Predicted functions and commonly found habitats, y-axis, and respective
taxa per intersection type at the class level, x-axis; colors indicate the respective microbial pathway. Datasets: taxa are grouped per
intersection type, x-axis, in the unique presence of taxa in “Un.Control-960h” and “Un.Enriched-960h”; shared taxa in the entire dataset
are represented in “Core”; ANCOM differential abundant taxa (W > 4) between controls and enriched samples (pool of 16h and/to 40"
day of each enrichment type) are represented by “Dif. ab. Controls” and “Dif. ab. Enriched”. Sequences were taxonomically classified
using the Silva database v. 138, and taxonomy-based functionally predicted with the FAPROTAX tool based on an amended database.

shared, and differentially abundant taxa, are rep-
resented in Figure 5. The functional prediction per
taxonomical record is detailed in Figure 6. The
core functions in different levels were aerobic am-
monia oxidation and possible methane oxidation,
nitrification, carbon oxide oxidation, methylotrophy,
aromatic hydrocarbon degradation, and predatory
or ectoparasitic taxa (Figure 5), overall with the
presence of the phylum Acidobacteria, Chloroflexi,
Methylomirabilota, Myxococcota, Plantomycetota,
Proteobacteria, and SAR324 Marine Group B
(MGB) (Figure 6). The function of dark hydro-
gen oxidation and detection in carbonate crusts
of active seeps, assigned to Euryarchaeota,
were only present in the initial sample (control-
16h), degrading over the incubation time and
with the methane input (Figures 5 and 6). The
functions present in the control-960h where che-
moheterotrophy represented by Bacteroidota,
Planctomycetota, Proteobacteria, Spirochaetota,
and Verrucomicrobia, also the fermentation rep-
resented by Spirochaetota, and the intracel-
lular parasitism represented by Proteobacteria
(Figures 4 and 5). Other than lignin, chitin, xy-
lan, cellulose, methanol, methane, and aromatic
hydrocarbons, chemoheterotrophy and specific

aerobic chemoheterotrophy are present in both
the control-960h and enriched-960h. However,
enriched-960h had additional chemoheterotrophic
Acidobacterota, Bacteroidota, Planctomycetota,
and the common deep-sea Chloroflexi. Other
specific groups of enriched-960h, compared to
control-960h, would be involved in non-methane
aliphatic hydrocarbon degradation (Proteobacteria
phylum), methylotrophy (Methylomirabilota
and Thermoplasmatota phyla), methanotrophy
(Methylomirabilota phylum), and in methano-
genesis by reduction of methyl-compounds and
hydrogenotrophy (Thermoplasmatota phylum).
The enriched-960h lost the Desulfobacterota and
Firmicutes phyla associated with active seeps and
carbonate crusts, respectively, also losing the che-
mosynthetic Spirochaetota (Figure 6).

The taxa of the highly methane-enriched sedi-
ment(enriched-960h) (Figure 6) werethe uncultured
Methanomassiliicoccales  (Thermoplasmatota),
Methylomirabilia, uncultured Rhodobacteraceae,
unassigned Colwelliaceae, uncultured Chloroflexi,
Acidobacteriae uncultured Subgroup-12,
Vicinibacteria uncultured Subgroup-17,
Bacteroidia, Planctomycetes, Lentisphaera, and
Polyangia. Methanomassiliicoccales is potentially

Ocean and Coastal Research 2022, v70(suppl 2):e22046 11



Nakamura et al.

methylotroph, hydrogenotrophic methanogen, and
methanogen by reduction of methyl-compounds
using H,. The Methylomirabilia class is potentially
a hydrocarbon degrader, methylotroph, and nitrite-
dependent denitrifying anaerobic methane-oxidiz-
ing bacteria. The alphaproteobacterial uncultured
Rhodobacteraceae is potentially a chemohet-
erotroph for aromatic and non-methane aliphatic
hydrocarbons degradation. The unassigned gam-
maproteobacterial Colwelliaceae is potentially
an aerobic chemoheterotroph by aliphatic non-
methane degradation, also a nitrate reducer, as
well as involved in fermentation. The uncultured
Chloroflexi is commonly found in carbonate crusts
and active seeps, not as a biomarker. The actino-
bacterial Acidobacteriae uncultured Subgroup-12,
Vicinibacteria uncultured Subgroup-17, bacteriotal
Bacteroidia, Planctomycetes, and the verrucomi-
crobial Lentisphaera were all assigned as poten-
tially involved in unknown aerobic chemoheterot-
rophy. The myxococcotal Polyangia was assigned
as a potential predator or ectoparasite.

DISCUSSION

Hitherto, the microbial ecology of the Brazilian
continental slope pockmarks was unknown, and
it was unclear if even inactive pockmarks could
represent a hotspot for microbial communities
involved in the mineralization of methane. This
study first observed methane-related chemo-
synthetic and heterotrophic microbial communi-
ties in carbonate-enriched pockmark sediment
over a deep-water hydrocarbon-rich system in
the southwestern Atlantic margin. We developed
methane enrichments to detect changes in the
abundance of community groups in undisturbed
sediment cores of a deep-sea pockmark of the
Santos Basin, SW Atlantic Ocean. We detected
different methane consumption rates and varia-
tions in microbial diversity during incubation, at-
tributed to the variation in community structure due
to the high selection pressure of the experiment
variables. In addition, we identified the taxonomy
and potential ecological functions of the bacteria
and archaea that were enriched in the presence
of the methane provided. Differently than active
cold-seeps, which support anaerobic methane-ox-
idation (AOM) played by ANMEs with developing
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syntrophy with sulfate-reducers, the dominant mi-
crobial groups in these systems (Michaelis et al.,
2002), the SWACP sediment harbors a diversity
associated with methanotrophy, methylotrophy,
and aerobic and anaerobic non-methane hydro-
carbons degradation, also involving fermentation
and methanogenesis.

GEOCHEMISTRY OF THE INACTIVE POCK-
MARK SEDIMENT

The bulk sediment of the SWACP is composed
of high rates of calcium carbonate (Basti et al.,
2022) and low amounts of organic compounds. As
such, they have similar TOC to other pockmarks
(Haverkamp et al., 2014) and to a seep area in the
Black Sea Batumi (Blumenberg et al. 2018). The
ratios C/N, 8°C/TOC, &"C/TN, and DCF indicate
very depleted organic matter that is typically old
and degraded. The TOC/TN (6.43) indicates that
marine primary production is the main source of or-
ganic matter in the SWACP, originated by chemo-
synthetic processes as represented by the higher
DCF/HMP ratio. The presence of methanotrophy
and hydrocarbon degradation in the SWACP could
explain the low detection of organic compounds.
Local corals represent an additional source of nu-
trients for the SWACP sediment (Trevizani et al.,
2022). However, the nutrients in inactive pock-
marks tend to be less abundant than in surround-
ing sediments, as reported by Haverkamp et al.
(2014), in which TOC and TC concentrations differ
from reference sediments. The nutrients also tend
to be stratified, as the reported TN formed by am-
monium and nitrate, and decrease with depth due
to nitrate reduction coupled with organic matter
degradation (Haverkamp et al. 2014).

The marine hydrocarbon compounds originate
from asphalt and cold seeps, as well as signifi-
cantly from the pelagic system by cyanobacteria
(McGenity et al.,, 2021) sedimented as marine
snow. The terrestrial organic matter is an addi-
tional source of hydrocarbons for the marine eco-
system (Pusceddu et al., 2009). Despite the very
low amounts, when analyzing diagnostic indices,
biogenic and terrigenous sources of aliphatic hy-
drocarbons (AH) were supported by the significant
portion of high molecular weight alkanes (HMW-
AHs) (Yusoff et al., 2012) and by the C,,/C,, and
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C,/C,, ratios, respectively. In addition, pyrolytic and
petroleum combustion is the origin of the SWACP
polycyclic aromatic hydrocarbons (PAH), indicated
by the Fluoranthene and Pyrene rates (Zeng et
al.,, 1997; Wang et al., 1999) and Fluoranthene/
(Fluoranthene+Pyrene) ratio (Yunker et al., 2002;
Mille et al., 2007; Zrafi et al., 2013).

Aliphatic hydrocarbons (n-alkanes, AH), both
linear and cyclic, and polycyclic aromatic hydro-
carbons (PAH) are abundant constituents of pe-
troleum (Comandini et al., 2013). The presence of
n-alkanes is proportional to the oil integrity, since
highly biodegraded oil reserves show low rates of
n-alkanes (Wilkes et al., 2020). Despite the low
detection of hydrocarbons, the presence of pet-
rogenic sources of hydrocarbons was supported
by the HMW/LMW-AHSs, the Fluoranthene/Pyrene
ratio, and the dominance of LMH-PAHs (Wang
et al., 2003). In addition, the presence of target
PAHs indicators of petroleum suggests petrogenic
sources of hydrocarbons (Wang et al., 2003; Zrafi
et al., 2013) and persistence in the SWACP, even
at very low concentrations. Furthermore, the oc-
currence of long-chain alcohols C,, and C,, sug-
gest land and marine origins (Mudge, 2005), with
possible atmospheric transportation from land and
sedimentation in the deep-sea bottom, as reported
in the deep-sea of the North Pacific (Kawamura,
1995). We conclude that the hydrocarbon and fatty
acid dynamics in the SWACP comprise the lateral
transference from land to the marine system, ex-
hibiting a local biogenic origin and the presence of
petrogenic compounds at low levels.

The marine by-products of hydrocarbon metab-
olization include the sterols, whose total concentra-
tion was low compared to other marine sediments
such as coastal South-Central Chile (Saavedra et
al., 2014). Sitosterol and stigmasterol concentra-
tions were inferior to compared to the East China
Sea Shelf (Jeng and Huh, 2004). Interestingly,
stigmasterol and its precursor B-sitosterol are both
constituents of sphingosine from marine sponge
Myaxilla sp carbon skeleton (Bunyola et al., 2017),
and of marine fish muscle (Ozogul et al., 2015),
crustaceans, and mollusks (Pakrashi et al, 1989;
Ozogul et al., 2015), given that they are produced
by phytoplankton, microalgae, cyanobacteria,
and terrestrial vascular plants (Volkman 1986;
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Saavedra et al., 2014). Sterols and hydrocarbons
are recalcitrant molecules often used as tracers of
biogenic material origin and transformation pro-
cesses in the environment (Gagosian and Nigrelli
1979; Saavedra et al., 2014). Interestingly, we
could detect their production and persistence in
the SWACP sediment.

WATER-SEDIMENT INTERFACE INFLUENCED
BY METHANE INPUT

Studies report that pockmark crater shape in-
fluences local hydrodynamics (Manley et al. 2004,
Hammer et al. 2009, Haverkamp et al. 2014,
Schattner et al. 2016), allowing for the precipita-
tion of nutrients on the pockmark surface leading to
their concentration within the sediment profile en-
forced by the marine current deflection and vortex
formation. This gradient of nutrients influences the
microbial community within sediment depth in which
bottom waters influence the inactive pockmark su-
perficial layer (Haverkamp et al. 2014). As such,
the presence of Marine Group B (MGB) of SAR324
phylum, a chemoheterotroph associated with aro-
matic compound degradation (Li et al., 2014) com-
monly detected in bottom waters, is explained and
shown to be essential to pockmark microbial ecol-
ogy, as it was enriched in the presence of methane.
Oceanospirillales, also reported in marine bottom
waters and very typical of marine sediments, are
Gammaproteobacteria whose members can be sul-
fate reducers (Haverkamp et al. 2014), which were
associated with hydrocarbon degradation in the
Deepwater Horizon deep-sea hydrocarbon plume
(Kleindienst et al., 2016). Surprisingly, members of
the Alphaproteobacteria SAR11, commonly found in
the upper pelagic system, had different ASVs pres-
ent as unique in either control or enriched samples,
which could have consumed methyl compounds de-
rived from methanotrophy and methylotrophy (Sun et
al., 2011), such as methanol and other short-chain
alcohols. Alcohols, one of the by-products of organic
matter fermentation (Dalcin Martins et al., 2019),
can be further oxidized into aldehydes and fatty ac-
ids through B-oxidation, or inserted in the cell mem-
brane (Binazadeh et al., 2009). Thus, we conclude
that the water column influences SWACP deep-sea
sediment microbiota, with the essential collaboration
of local carbon cycling.

Ocean and Coastal Research 2022, v70(suppl 2):e22046 13



Nakamura et al.

ENTRAPPED METHANE AND METHANOGEN-
Esis IN THE SWACP

A local origin of AH also includes the methane,
whose probability of entrapment within the carbon-
ate sediment was evaluated. We report environ-
mental methane within the SWACP core sediment.
This methane is a source of carbon and energy for
methane-related microbial groups (Blumenberg
et al. 2018), and the existence of methanotrophic
taxa in our initial control sample indicates that the
sediment initially supports this microbial path-
way, as we had supposed. The consumption of
51% of the methane provided during the first 16h
(equivalent to 10.34 nmol.g".h"") was considered
high compared to the methane consumption in a
10-m water layer above a pockmark in the Baltic
Sea (Pimenov et al., 2008). Methane, the most
abundant low-molecular-weight alkane (a short-
chain acyclic saturated hydrocarbon, or aliphatic
hydrocarbon), and like ethane and propane gas-
ses, can be formed by thermal and biotic process-
es in deep-sea sediments (Hinrichs et al., 2006;
Redmond et al., 2010; Wilkes et al., 2010; Xie et al.
2013; Blumenberg et al. 2018). However, without
isotopic data from the SWACP methane, we can-
not assure the origin of the entrapped methane.
A biogenic origin of the methane in the SWACP
could be associated with the Euryarchaeota mem-
ber Methanobacteriales, which was only present in
the initial control sample and vanished during incu-
bation and methane insertion. Methanobacteriales
was associated with the formation of carbonate
crusts in active seeps (Heijs et al., 2006; Case et
al., 2015) and with dark hydrogen oxidation and
hydrogenotrophic methanogenesis (Aloisi et al.,
2002). Another biogenic origin of AH relates to
C11, the most abundant AH of the SWACP, which
was reported to act as a pheromone in seaweed
Dictyopteris (Zatelli et al., 2018), suggesting that
benthic organisms can also provide hydrocarbons
to the SWACP system.

The emission of biogenic methane is the bal-
ance of methanogenesis and methanotrophy
(Hanson and Hanson, 1996). Thus, the methane
detected in the headspace could have originated
from the methane inserted itself, and from the one
released through methanogenesis. Such metha-
nogenesis could had been favored by the oxygen
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exhaustion in the airtight mini-cores, or originated
from anaerobic sites within the sediment, as the
entire physical-chemical and microbial stratifica-
tion of the deep-sea floor was preserved in the
intact core. Regarding the methane-enriched sys-
tem, the community benefited from the presence of
the methane itself and probably from subsequent
by-products of this pathway even more after the
second insertion of methane (2 times flush on the
20" day). By-products of methanotrophy also com-
pose the organic matter, and another possibility for
late incubation methanogenesis could be organic
matter fermentation by methyl-reducing methano-
genesis (Evans et al., 2019), as methane is the
terminal step of organic matter decomposition in
marine sediments (Ferry et al., 2008), associated
also with methylotrophic methanogenesis based
on sediment DIC (Yin et al.,, 2019). The pres-
ence of the uncultured Methanomassiliicoccales
(Thermoplasmatota), as enriched in the meth-
ane system, could be related to its potential for
methylotrophy and methanogenesis by reduction
of methyl-compounds using H, (Lang et al., 2015).
In addition, the uncultured phylum RCP2-54 (for-
merly a deltaproteobacterial order), reported in
bicarbonate-rich hot springs in China (Briggs
et al,, 2014) and in the methane-rich deep-sea
sediment of the Barents Sea (Begmatov et al.,
2021), was the keystone of the second insertion
of methane (of the enriched-720h). The positive
correlations in methane-rich samples between
RCP2-54 with Halanaerobiaeota, Poribacteria,
and Schekmanbacteria, suggest an ecological
role of those rare phyla in the methane systems in
the deep sea.

Fermentation, respiration/reduction, and
methanogenesis (Finke and Jergensen, 2008)
are metabolisms associated with anaerobic deg-
radation of organic matter. The positive correla-
tion of Thermoplasmatota with Acidobacteriota
and methane detection in the headspace reen-
forces the notion of methanogenic activity based
on possibly anaerobic hydrocarbon degrada-
tion. Acidobacteria members are ubiquitous oli-
gotrophs that are adaptable to oxygen variations
(Teske and Verera, 2020) and perform diverse
chemoheterotrophic metabolisms (Eichorst et al.,
2018). They were recently also characterized as
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polysulfide reducers (Flieder et al., 2021), the
distribution of which was reported to be driven
by grain size and Cu and Cr concentrations in a
high hydrocarbon-contaminated marine sediment
in the Mediterranean Sea (Dell’Anno et al., 2021).
The same positive correlation to methane detec-
tion with Chloroflexi and Elusimicrobiota indicates
that these groups could be similarly involved in
anaerobic hydrocarbon degradation via fermenta-
tion (Bovio-Winkler, Cabezas and Etchebehere,
2021), giving meaning to some groups included
in the “microbial dark matter” found in anaerobic
sulfidic systems, such as Elusimicrobiota (Rojas et
al., 2021).

ANAEROBIC HYDROCARBON DEGRADATION
INFLUENCED BY METHANE INPUT

Anaerobic hydrocarbon degradation is com-
monly found in deep and anoxic sediments, such
as in asphalt and cold seeps, in sites polluted
with petroleum and its by-products (Michaelis et
al., 2002), as well as in situations where oxygen
is consumed by aerobic hydrocarbon degrada-
tion, leading to a succession of anaerobic metabo-
lisms (Singh et al, 2014). Strict anaerobic fermen-
ters in Chloroflexi (Bovio-Winkler, Cabezas and
Etchebehere, 2021), phylum reported within spe-
cific microbial groups of carbonate crusts (Heijs et
al., 2006; Case et al., 2015) and in active seeps
(Ruff et al., 2019), perpetuated along all incubation
times and enrichment types, seeing as enriched in
our methane-enriched system. This indicates that
the local organisms play a role related to anaero-
bic hydrocarbon degradation in the sediment of
the carbonate-enriched pockmark.

Anaerobic hydrocarbon degradation is also
associated with many microbial groups that de-
velop anaerobic respiration of nitrate, nitrite, ni-
trous oxide, sulfate, thiosulphate, carbonate,
and metal ions, and with the groups that develop
fermentation and anoxic phototrophic reactions
(Michaelis et al., 2002; Grossi et al. 2008). We
observed groups associated with aerobic and an-
aerobic pathways, the latter being detected in all
samples including those enriched with methane.
It is known that denitrifying bacteria can degrade
different aliphatic and aromatic hydrocarbons
through nitrate reduction (Grossi et al., 2008;
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Weelink et al., 2009). In addition, methanotrophy
and methylotrophy act in communal metabolism
associated with denitrification in conditions of
near anaerobiosis (Kalyuzhnaya et al., 2008). In
the SWACP, the biogeochemical cycle of nitrogen
was sustained in the methane-enriched system,
with Gammaproteobacteria members potentially
involved in nitrogen respiration in addition to the
nitrifiers nitrospinotal Nitrosospina (Rosenberg
et al., 2014) and crenarchaeotal Nitrososphaeria
(Pester et al., 2012), the latter of which is also po-
tentially involved in CO and methane-ammonia
oxidation (Lontoh et al., 2000). Interestingly, the
presence of Crenarchaeota was evident only in
the enriched samples from 16h to 720h, and not
in the enriched-960h, suggesting the system may
have become more anaerobic towards the end of
incubation. However, the system was not strictly
anaerobic since the aerobic alkaliphilic chemo-
organotroph Truepera, from the Deinococcota
phylum (formerly Deinoccocus-Thermus group)
(Albuquerque et al., 2005) and the only recog-
nized member of the Trueperaceae (Battista,
2016), was found only in the enriched-960h, where
homolactic fermentation could also have occurred
(Albuquerque et al., 2005).

METHANOTROPHS AND NON-METHANE HY-
DROCARBON DEGRADATION POTENTIAL IN-
FLUENCED BY METHANE

The basis of this discussion relies on the fact
that aerobic methanotrophs enzymes MMO have
a broad substrate spectrum and are capable
of degrading aliphatic hydrocarbons other than
methane, linear and cyclic ones from C1-C4 in the
case of pMMO, and C1-C10 in the case of sMMO
(Yurimoto et al., 2005, Kotani et al., 2006, Murrell
and Smith, 2010, Abbasian et al., 2015). The de-
tection of the Methylomyrabilota phylum (former
candidate division NC10) as enriched taxa in the
methane-enriched SWACP could be associated
with its potential for methanotrophy and methy-
lotrophy (Ettwig et al. 2008; Khadem et al., 2011;
Sharp et al., 2012), and potentially even other
methyl-compounds utilization.

Methanotrophs release methanol, which is
consumed by methylotrophs, and facultative
methylotrophs, which release formaldehyde, and
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formate. These methyl-compounds are in turn con-
sumed by non-methylotrophic heterotrophs (Yu et
al.,, 2019). The methylotrophic oxidation product
is formaldehyde, which can be converted to CO,
by methyl-compounds oxidizers (Sun et al., 2011).
Formaldehyde can be also reduced in the CO,
fixation by autotrophic acetogenic bacteria and hy-
drogenotrophic methanogens, derivating into for-
mate and CO (Lemaire, Jespersen and Wagner,
2020). Both are fixed in the central metabolism,
ending up in acetate and methane as final prod-
ucts (Lemaire, Jespersen and Wagner, 2020).
The asgardarchaeotal Lokiarchaeia is a potential
reductive acetogen and aromatic hydrocarbon de-
grader (Farag et al., 2020). In our experiment, it
was found as a methane-enriched taxon, which
could be related to methylotrophic by-production in
the system and to hydrocarbon degradation.

Hydrocarbon by-products of methanotro-
phy and methylotrophy can also be utilized by
other groups of non-methylotrophic heterotrophs
(Yurimoto et al., 2005; Murrell and Smith, 2010;
Abbasian et al., 2015; Redmond et al., 2010; Yu
et al., 2019). These groups were the methane-
enriched taxa Myxococcota and Bdellovibrionota,
related to predation and ectoparasites (Rosenberg
et al., 2014), in addition to the gammaproteobacte-
rial Coxiellales and verrucomicrobial Chlamidyae,
related to intracellular parasitism (Hedlund, 2011).
The concomitant presence of deep-sea corals on
the pockmark sediment collected by chance could
indicate an ecological relationship of the ben-
thic fauna symbionts with methane cycling in the
SWACP.

CONCLUSION

Using a combination of methane enrichment
and 16S rRNA gene next-generation sequenc-
ing, this study characterized the methane-related
microbial community of a pockmark surrounding
a recently described carbonate ridge in the SW
Atlantic. The SWACP represents a hotspot for
chemosynthetic and chemoheterotrophic microbi-
al groups associated with sedimented petrogenic
and biogenic hydrocarbons, and local by-products
originating from hydrocarbon degradation’s me-
tabolisms, non-methane, and methane, which also
stimulate the non-methylotrophic heterotrophs and

Methane community of a carbonate-enriched pockmark

methanogens. Further investigations are needed
to track the mineralization of the carbon from
methane by the microbial community, perhaps
with the use of nucleic acid-based isotope probing
techniques.
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