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ABSTRACT

This thesis investigates ecological interactions in the seafloor between microbial taxa
(Chapters 1 and 2) and between these microorganisms and their mineral hosts (Chapters 2
through 4). In seafloor sediments, electron acceptors are often limited, forcing
microorganisms inhabiting these sediments to acquire symbiotic partners and/or perform
extracellular electron transfer to insoluble electron acceptors. Seafloor methane seeps
present an endmember case wherein extremely reducing fluids charged with methane
advect through sediment. In these benthic ecosystems, anaerobic methanotrophic archaea
(ANME) form symbiotic partnerships with sulfate-reducing bacteria (SRB), but it remained
unclear if certain ANME exhibit a preference for certain SRB partners. In Chapter 1, I
present results documenting such a pattern of partnership specificity in ANME-SRB
consortia. In Chapter 2, I further examine these patterns in rare ANME taxa through
development and application of a density-separation protocol refined from published work.
This protocol exploits the co-association of microbial taxa on mineral surfaces to aid in the
detection of novel symbioses, and further is useful to detect microbial interactions with
certain minerals. In Chapter 3, I focus on the interaction between ANME-SRB consortia
and authigenic silicates that have been observed on consortium exteriors, finding evidence
to support that the precipitation of these silicates is actively mediated by ANME-SRB. In
Chapter 4, I perform geochemical modeling benchmarked by synchrotron X-ray analysis to
examine the imprint of extracellular electron transport by metal-reducing microorganisms

on Precambrian manganese-rich sedimentary rocks.
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Introduction

The geochemical dynamism of Earth’s surface—unique among known terrestrial
planets—is inextricably tied to the emergence and radiation of microbial life. The
expansion of microbial metabolic diversity has shaped the course of Earth history, for
example causing a step change in atmospheric oxygen concentrations [1], creating a
pathway for the transformation of N, into biomass [2], and modulating the production and
consumption of the powerful greenhouse gas CHy4 [3]. Microbial life in all its variegated
forms directs the flow of electrons between diverse donors and acceptors, and in so doing
maintains the biogeochemical cycles necessary for Earth’s habitability. The numerous
biochemical means by which these microorganisms transmit electrons between substrates
present many opportunities for discovery, but the experimental study of these mechanisms
is made more challenging by the difficulties associated with acquiring pure cultures of
environmental microorganisms, the vast majority of which have not been cultured [4].

It has been proposed that the cultivation of environmental microorganisms is
challenging due to the reliance of many microbial taxa upon symbiotic partnerships with
other microorganisms [5]. Many microbial metabolisms important for the functioning of
biogeochemical cycles are facilitated by a symbiotic relationship between microbial taxa,
such as that between anaerobic methanotrophic archaea (ANME) and sulfate reducing
bacteria (SRB) responsible for the anaerobic oxidation of methane (AOM) in seafloor
sediments worldwide [6, 7]. In this and in many microbial symbioses, physical attachment
of partner taxa facilitates the transfer of nutrients [8—10], reducing equivalents [11], and/or

electrons [12—14] between partners. Study of these symbiotic relationships in sifu has



uncovered significant diversity in the sequence identity of partner taxa [15—17], but how
this diversity may influence the character of these symbioses remains largely an open
question.

Evidence from the study of several different microbial symbioses indicates that the
nature of a symbiotic relationship can vary between different pairings of partner taxa. In the
classic mutualism between reef-building coral hosts and their Symbiodinium sp.
endosymbionts (colloquially termed ‘zooxanthellae’), coral access energy from sunlight via
Symbiodinium sp. and in turn provide habitat to endosymbionts [18]. Study of coral hosts
from a range of habitats has demonstrated that hosts exhibit preference for specific lineages
of Symbiodinium sp. [19] which appears to have physiological implications for different
host-symbiont pairings. The membership of host-symbiont pairs has been observed to
predict host tolerance to thermal stress [20-22] and endosymbiont transcriptional profiles
[23, 24]. Lichen, a microbial symbiosis between filamentous fungi and endosymbiotic
green algae or cyanobacteria, have also been shown to exhibit specificity between partner
taxa [25].

For other symbiotic relationships between microorganisms, such as that between
ANME and SRB, the specificity with which certain taxa co-associate remains unclear, but
may have significant implications for the physiologies of different pairs of symbiotic
partners. Extensive study of ANME-SRB consortia has documented a diversity of different
ANME-SRB partnerships by fluorescence in situ hybridization (FISH)-based microscopy
[16, 17, 26] and flow cytometry [27]. However, these results largely served to catalog the
ANME-SRB pairings observed in Nature but did not synthesize these datasets to examine

the extent to which certain SRB lineages may preferentially associate with certain ANME.



In Chapter 1, I present evidence from an ecological survey of Costa Rica methane seep
sediments for a highly specific partnership between certain ANME and SRB partners, and
further present stable isotope probing evidence indicating that this specificity is important
for symbiotic function.

While the results in Chapter 1 were successfully extracted from a complex dataset
of many hundreds of methane seep sediment samples, detection of partnerships between
more rare ANME subtypes was not possible, requiring the application of techniques to
parse microbial communities at higher resolution. In Chapter 2, I present results from the
application of a density-separation protocol refined from previously-published techniques
[28]. By exploiting the intimate physical associations between sediment-dwelling
microorganisms and minerals, I amplified the correlation signal between ANME and SRB
taxa co-associating on mineral surfaces by separating minerals in methane seep sediment
samples by density. These techniques circumvent the so-called ‘hairball’ [29] of
computationally-inferred ecological interactions resulting from correlation analysis of
complex sediment microbiomes. The results I present in Chapter 2 further document
interactions between certain ANME-SRB consortia and certain minerals common in
marine sediments, providing avenues for future study of these microbe-mineral
interactions.

Such interactions between microorganisms and minerals form an interface between
the geosphere and biosphere that has served to preserve a record of microbial life on Earth.
AOM, mediated by microbial metabolism, drives the precipitation of carbonate minerals at
sites of methane seepage [30]. Microscopy study of ANME-SRB consortia, however,

documents authigenic silicate minerals associated with consortia [31, 32]. In Chapter 3, I



investigate the growth of these phases in AOM incubations from which almost all

sediment had been removed, finding strong evidence for their growth from media
significantly undersaturated with respect to previously-measured equilibria for precipitation
of amorphous silica and clays. Together with evidence from seep carbonates, I infer that
ANME-SRB consortia may mediate the precipitation of authigenic silicates, representing a
means by which ANME-SRB consortia may be preserved in the rock record.

Microbial metabolism has also left an imprint on the rock record by directing redox
transformations of mineral electron acceptors [33]. In Chapter 4, I present coupled
synchrotron X-ray spectroscopy and geochemical modeling results that indicate Mn(III)
mineral phases found in abundance in Precambrian manganese-rich sedimentary rocks
were likely stabilized through microbially-mediated reduction of primary Mn oxides, rather
than through abiotic means.

Spanning a range of different geomicrobiological questions, this thesis provides the
groundwork for further exploration of the diverse microbial symbioses and microbe-
mineral interactions that have shaped Earth’s biogeochemistry. In particular, I hope future
work further explores the hypothesized patterns of partnership specificity in ANME-SRB
consortia presented in the first and second chapters of this dissertation. Although Chapter 1
presents a compelling argument that the partnership between ANME-2b and SEEP-SRB1g
is highly specific, the degree of specificity or promiscuity in other ANME-SRB
partnerships merits further quantitative exploration by FISH experiments. The partnership
between ANME-2¢ and SEEP-SRB1a presents a particularly interesting case, in which
ANME-2c, a clade consisting of multiple genera, may exhibit preference either for SEEP-

SRB1a or SEEP-SRB2. Evidence for this flexibility comes from both correlation analysis



and FISH experiments performed on cold seep sediment samples in this thesis (Ch. 1) as
well as FISH experiments on samples of sedimented hydrothermal vents of the Guaymas
Basin in the Gulf of California [34] that show ANME-2c to preferentially associate with
SEEP-SRB1a or SEEP-SRB2 in Costa Rica cold seep sediments and with SEEP-SRB2 in
Guaymas Basin sedimented hydrothermal vent sites, although it will require further
analysis to determine how these patterns of association relate to diversity within the
ANME-2c clade. This pattern differs substantially from the high degree of preference
exhibited by ANME-2b or ANME-2a for SEEP-SRB1g or SEEP-SRB1a partners,
respectively. Exploring the relationship between the SRB taxon preferred by ANME-2¢
and the environmental parameters of the sediment from which consortia were sampled will
likely yield insight into the dynamics of ANME-2c¢ partnership specificity. Network
analysis also implies that ANME-2c¢ form intimate associations in hot seep sediments with
members of the candidate phylum Atribacteria (data not shown) thought to be involved in
hydrocarbon degradation [35], but the nature of this association is entirely unknown.
Additionally, ANME-2c are members of consortia of diverse morphotypes (G. Chadwick,
pers. comm.) and which may relate to patterns of partnership specificity. ANME-1,
representing a separate order of methanotrophic archaea with multiple genera, also exhibits
similar flexibility in its partnerships with SRB, as ANME-1 has been observed to associate
with SEEP-SRB2 in cold seep sediments (Ch. 1) and members of the HotSeep-1 in
methane-rich hydrothermal vent sediments [34]; further work could characterize the nature
of ANME-1 partnerships in situ and further shed light on the parameters that may

contribute to ANME-1 forming partnerships with different SRB partner taxa.



The discoveries described in this thesis point toward a more holistic understanding
of the symbiotic relationship that lies at the heart of AOM. Previous work has primarily
focused on the biochemistry of anaerobic methane oxidation within ANME, as these
microorganisms presented striking similarities to methanogenic archaea. However,
relatively less emphasis has been placed on investigating in detail the role of partner SRB.
Although the scope of this thesis was constrained to sketching the contours of symbiotic
diversity in AOM, it is my hope that future research will explore the co-evolution of
ANME and their SRB partners, and in so doing shed new light on the enigma of the

anaerobic oxidation of methane.
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Chapter 1

EXPERIMENTALLY-VALIDATED CORRELATION ANALYSIS REVEALS NEW
ANAEROBIC METHANE OXIDATION PARTNERSHIPS WITH CONSORTIUM-

LEVEL HETEROGENEITY IN DIAZOTROPHY

Kyle S. Metcalfe, Ranjani Murali, Sean W. Mullin, Stephanie A. Connon, and Victoria J.
Orphan

Division of Geological and Planetary Sciences,
California Institute of Technology, Pasadena, California, 91125

ABSTRACT

Archaeal anaerobic methanotrophs (‘ANME’) and sulfate-reducing Deltaproteobacteria
(‘SRB’) form symbiotic multicellular consortia capable of anaerobic methane oxidation
(AOM), and in so doing modulate methane flux from marine sediments. The specificity
with which ANME associate with particular SRB partners in situ, however, is poorly
understood. To characterize partnership specificity in ANME-SRB consortia, we applied
the correlation inference technique SparCC to 310 16S rRNA amplicon libraries prepared
from Costa Rica seep sediment samples, uncovering a strong positive correlation between
ANME-2b and members of a clade of Deltaproteobacteria we termed SEEP-SRB1g. We
confirmed this association by examining 16S rRNA diversity in individual ANME-SRB
consortia sorted using flow cytometry and by imaging ANME-SRB consortia with

fluorescence in situ hybridization (FISH) microscopy using newly-designed probes
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targeting the SEEP-SRB1g clade. Analysis of genome bins belonging to SEEP-SRB1g

revealed the presence of a complete nifHDK operon required for diazotrophy, unusual in
published genomes of ANME-associated SRB. Active expression of nifH in SEEP-SRB1g
within ANME-2b—SEEP-SRB1g consortia was then demonstrated by microscopy using
hybridization chain-reaction (HCR-) FISH targeting nifH transcripts and diazotrophic
activity was documented by FISH-nanoSIMS experiments. NanoSIMS analysis of ANME-
2b—SEEP-SRBI1g consortia incubated with a headspace containing CH, and "°N; revealed
differences in cellular ’N-enrichment between the two partners that varied between
individual consortia, with SEEP-SRB1g cells enriched in "°N relative to ANME-2b in one
consortium and the opposite pattern observed in others, indicating both ANME-2b and
SEEP-SRB1g are capable of nitrogen fixation, but with consortium-specific variation in

whether the archaea or bacterial partner is the dominant diazotroph.



INTRODUCTION e
The partnership between anaerobic, methanotrophic Archaca (ANME) and their
associated sulfate-reducing bacteria (SRB) is one of the most biogeochemically-important
symbioses in the deep-sea methane cycle [1, 2]. As a critical component of methane seep
ecosystems, multicellular consortia of ANME and associated SRB consume a significant
fraction of the methane produced in marine sediments, using sulfate as a terminal electron
acceptor to perform the anaerobic oxidation of methane (AOM) [1-4]. ANME-SRB
consortia are thought to perform AOM through the direct extracellular transfer of electrons
between ANME and SRB [5-7]. Along with symbiotic extracellular electron transfer,
ANME-SRB consortia also exhibit other traits of mutualism such as the sharing of
nutrients. For example, members of the ANME-2 clade have been reported to fix and share
N with partner bacteria [8—11], but the extent to which diazotrophic capability might vary
across the diverse clades of ANME and associated SRB is the focus of ongoing research.
Comparative studies of ANME [12] and associated SRB [13, 14] genomes from
multiple ANME-SRB consortia have revealed significant diversity across clades,
particularly for SRB genomes falling within subclades of the Desulfobacteraceae SEEP-
SRB1a [14], common SRB partners to ANME [15]. However, the implications of symbiont
diversity for metabolic adaptation in ANME-SRB consortia are obscured by the absence of
clearly-established ANME-SRB pairings in the environment. A framework defining these
pairings would address this gap in knowledge. Establishing this framework for partnership
specificity in ANME-SRB consortia—being the preference that certain ANME exhibit for
specific SRB partners—would shed light on the extent to which ANME or SRB physiology

may differ in consortia constituted of different ANME-SRB pairs.
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As an aspect of ANME or SRB physiology that may differ in different ANME-

SRB pairings, nitrogen anabolism has been observed to be involved in the symbiotic
relationship between partners [8, 9] and has been shown to influence niche differentiation
of different ANME-SRB consortia via nitrate assimilation ability [16]. Previous evidence
documenting active diazotrophy by AOM consortia from cDNA libraries of nifH [8] and
1N, stable isotope probing with FISH-nanoSIMS, indicated that the methanotrophic
ANME-2 archaea fixed more nitrogen than SRB in consortia and may supply fixed
nitrogen to their syntrophic partners [8—10]. The diazotrophic potential of syntrophic SRB,
however, and their role in nitrogen fixation within consortia is poorly understood. Evidence
from SRB genomes [14] and the expression of unidentified nitrogenase sequences in
methane seep sediments [8] suggested that some seep-associated SRB may also fix
nitrogen, opening up the possibility of variation in diazotrophic activity among
taxonomically-distinct ANME-SRB consortia.

Previous research characterizing the diversity of partnerships in ANME-SRB
consortia have employed fluorescence microscopy, magnetic separation by magneto-FISH,
and single-cell sorting techniques (e.g. BONCAT-FACS) that are robust against false
positives, but are often limited in statistical power. Fluorescence in situ hybridization
(FISH) has helped to establish the diversity of ANME-bacterial associations, with ANME
constituting four diverse polyphyletic clades within the Methanomicrobia: ANME-1a/b [4,
17-20], ANME-2a,b,c [3, 20-22] , ANME-2d [23, 24], and ANME-3 [20, 25, 26]. ANME-
associated SRB have also observed by FISH to be diverse, representing several clades of
Deltaproteobacteria including the Desulfococcus/Desulfosarcina (DSS) clade [3-6, 15, 19—

22, 27-33], two separate subclades within the Desulfobulbaceae [16, 25, 26], a deeply-
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branching group termed the SEEP-SRB2 [34], and a thermophilic clade of

Desulfobacteraceae known as HotSeep-1 [34, 35]. These FISH studies documented
associations for different ANME-SRB consortia, including partnerships between members
of ANME-1 and SEEP-SRB2 [13] or HotSeep-1 [7, 13, 35], ANME-2a and SEEP-SRB1a
[15], ANME-2c and SEEP-SRB1a [5], SEEP-SRB2 [13, 34], or Desulfobulbaceae [29],
and ANME-3 and SEEP-SRB1a [15] or Desulfobulbaceae [25, 26]. Conspicuously, SRB
found in consortia with ANME-2b have only been identified broadly as members of the
Deltaproteobacteria targeted by the probe S-C-dProt-0495-a-A-18 (often referred to as
A495) [5, 31, 36], leaving little known about the specific identity of this SRB partner.
Visualizing ANME-SRB partnerships by FISH has been a valuable aspect of AOM
research, but FISH requires the design of probes with sufficient specificity to identify
partner organisms and thus will only detect partnerships consisting of taxa for which
phylogenetic information is known [22]. Magneto-FISH [29, 37, 38] or BONCAT-enabled
fluorescence-activated cell sorting (BONCAT-FACS) of single ANME-SRB consortia [39]
complement FISH experiments by physical capture (via magnetic beads or flow cytometry,
respectively) and sequencing of ANME and associated SRB from sediment samples. These
studies corroborated some of the patterns observed from FISH experiments, showing
associations between ANME-2 and diverse members of the DSS [39]. Magneto-FISH and
BONCAT-FACS observations of ANME-SRB pairings are also highly robust against false
positives but can lack the statistical power conferred by more high-throughput approaches
that is necessary to establish a general framework for partnership specificity.

Recently, a number of correlation analysis techniques have been introduced in

molecular microbial ecology studies, providing information about patterns of co-
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occurrence between 16S rRNA OTUs (operational taxonomic units) or ASVs (amplicon

sequence variants) recovered from environmental diversity surveys [40—43]. Correlation
analysis performed on 16S rRNA amplicon surveys provides a complementary method to
Magneto-FISH and/or BONCAT-FACS that can be used to develop hypotheses about
potential microbial interactions. While predictions of co-occurrence between phylotypes
from these correlation analysis techniques have been reported in a number of diverse
environments, they are rarely validated through independent approaches, with a few
notable exceptions (e.g. [44]).

Here, we present a framework for ANME-SRB partnership specificity, using
correlation analysis of 16S rRNA amplicon sequences from a large-scale survey of seafloor
methane seep sediments near Costa Rica to predict potential ANME-SRB partnerships. A
partnership between ANME-2b and members of an SRB group previously not known to
associate with ANME (SEEP-SRB1g) was hypothesized by correlation analysis and
independently assessed by FISH and by analysis of amplicon data from Hatzenpichler and
coworkers [39] of BONCAT-FACS-sorted ANME-SRB consortia. With this new
framework, we were able to identify a novel partnership between ANME-2b and SEEP-
SRB1g and map predicted physiological traits of SEEP-SRB1g genomes onto partnership
specificity with ANME-2b. Our approach led us to formulate new hypotheses regarding
how SEEP-SRB1g physiology may complement ANME-2b physiology, focusing on
nitrogen fixation in SEEP-SRB1g. We demonstrate in this study that the symbiotic
relationship between ANME and associated SRB can vary depending on the nature of the
partner taxa and affirm the importance of characterizing individual symbiont pairings in

understanding AOM symbiosis.
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MATERIALS AND METHODS
Here, we present an abridged description of the methods used in this study. A full

description can be found in the Supplemental Materials and Methods.

Sample origin and processing

Pushcore samples of seafloor sediment were collected by DSV Alvin during the
May 20-June 11 2017 ROC HITS Expedition (AT37-13) aboard R/V Atlantis to methane
seep sites southwest of Costa Rica [45-47]. After retrieval from the seafloor, sediment
pushcores were extruded aboard R/V Atlantis and sectioned at 1-3 cm intervals for
geochemistry and microbiological sampling using published protocols [21, 48]. Samples
for DNA extraction were immediately frozen in liquid N2 and stored at -80°C. Samples for
microscopy were fixed in 2% paraformaldehyde for 24 h at 4°C. A full list of samples used
in this study can be found in Supplemental Table 1 and additional location and

geochemical data can be found at https://www.bco-dmo.org/dataset/715706.

DNA extraction and Illumina 16S rRNA amplicon sequencing

DNA was extracted from 310 samples of Costa Rican methane seep sediments and
seep carbonates (Supp. Table 1) using the Qiagen PowerSoil DNA Isolation Kit 12888

following manufacturer directions modified for sediment and carbonate samples [21, 49].
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The V4-V5 region of the 16S rRNA gene was amplified using archaeal/bacterial primers,

515F (5'-GTGYCAGCMGCCGCGGTAA-3") and 926R (5'-
CCGYCAATTYMTTTRAGTTT-3") with Illumina adapters [50]. PCR reaction mix was
set up in duplicate for each sample with New England Biolabs Q5 Hot Start High-Fidelity
2x Master Mix in a 15 pL reaction volume with annealing conditions of 54°C for 30 cycles.
Duplicate PCR samples were then pooled and 2.5 pL of each product was barcoded with
[Nlumina NexteraXT index 2 Primers that include unique 8-bp barcodes. Amplification with
barcoded primers used annealing conditions of 66°C and 10 cycles. Barcoded samples were
combined into a single tube and purified with Qiagen PCR Purification Kit 28104 before
submission to Laragen (Culver City, CA, USA) for 2 x 250 bp paired end analysis on
[llumina’s MiSeq platform. Sequence data were submitted to the NCBI Sequence Read
Archive as Bioproject PRINA623020. Sequence data were processed in QIIME version
1.8.0 [51] following Mason, et al. 2015 [52]. Sequences were clustered into de novo
operational taxonomic units (OTUs) with 99% similarity [53], and taxonomy was assigned
using the SILVA 119 database [54]. Known contaminants in PCR reagents as determined
by analysis of negative controls run with each MiSeq set were also removed (see
Supplemental Materials and Methods) along with rare OTUs not present in any given
library at a level of at least 10 reads. The produced table of OTUs detected in the 310
methane seep sediment and seep carbonate amplicon libraries was analyzed using the

correlation algorithm SparCC [41].

To examine phylogenetic placement of SRB 16S rRNA gene amplicon sequences

predicted by network analysis to associate with particular ANME subgroup amplicon
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sequences, a phylogeny was constructed using RAXML-HPC [55] on XSEDE [56] using

the CIPRES Science Gateway [57] from full-length 16S rRNA sequences of
Deltaproteobacteria aligned by MUSCLE [58]. Genomes downloaded from the IMG/M
database were searched using tblastn. Chlorophyllide reductase BchX (WP011566468) was
used as a query sequence for a tblastn nifH search using BLAST+. BchX was used as the
query sequence to recover divergent nifH sequences covering the diversity of all nifH
clades, following the approach of Dekas, et al., 2016. Genome trees were constructed using
the Anvi’o platform [59] using HMM profiles from a subset [60] of ribosomal protein

sequences and visualized in iTOL [61].

FISH Probe Design And Microscopy

A new FISH probe was designed in ARB [62]. This probe, hereafter referred to as
Seeplg-1443 (Supp. Table 2), was designed to complement and target 16S rRNA
sequences in a monophyletic “Desulfococcus sp.” clade. Based on phylogenetic analysis
(see below), this clade was renamed SEEP-SRB1g, following the naming scheme of
Schreiber and coworkers [15]. Seep1g-1443 was ordered from Integrated DNA
Technologies (Coralville, IA, USA). FISH reaction conditions were optimized for Seeplg-
1443, with optimal formamide stringency found to be 35% (Supp. Fig. 1). FISH and
hybridization chain reaction (HCR-) FISH was performed on fixed ANME-SRB consortia
using previously published density separation and FISH protocols [22], using a selection of

following FISH probes: Seeplg (Alexa488; this work), Seepla-1441 (cy5; [15]), ANME-
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2a-828 (cy3(3’); M. Aoki, pers. comm.), ANME-2b-729 (cy3; [39]), and ANME-2¢-760

(cy3; [20]). FISH was performed overnight (18 hr) using modifications (G. Chadwick, pers.
comm.) to previously-published protocols [29, 39, 63, 64]. Structured-illumination
microscopy (SIM) was performed on FISH and HCR-FISH (see below) experiments to
image ANME-SRB consortia using the Elyra PS.1 SIM platform (Zeiss, Germany) and an
alpha Plan-APOCHROMAT 100X/1.46 Oil DIC M27 objective. Zen Black software

(Zeiss) was used to construct final images from the structured-illumination data.

mRNA Imaging Using HCR-FISH

Hybridization chain reaction FISH (HCR-FISH) is a powerful technique to amplify
signal from FISH probes [65, 66]. The protocol used here was modified from Yamaguchi
and coworkers [67]. nifH initiators, purchased from Molecular Technologies (Pasadena,
CA, USA; probe identifier “nifH 3793/D933”) or designed in-house (Supp. Table 2) and
ordered from Integrated DNA Technologies, were hybridized to fixed ANME-SRB
consortia. Hairpins BIH1 and B1H2 with attached Alexa647 fluorophores (Molecular
Technologies) were added separately to two 45 pL volumes of amplification buffer in PCR
tubes and snap cooled by placement in a C1000 Touch Thermal Cycler (BioRad, Hercules,
CA, USA) for 3 min at 95°C. After 30 min at room temperature, hairpins were mixed and
placed in PCR tubes along with hybridized ANME-SRB consortia. Amplification was
performed for 15 min at 35°C. Similar results were observed when the HCR-FISH v3.0

protocol established by Choi et al. [68] was used. ANME-SRB consortia subjected to
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HCR-FISH experiments were imaged using the Elyra PS.1 SIM platform (Zeiss,

Germany) as mentioned above. In all cases, the FITC channel was subject to a 500 ms
exposure time, TRITC to 200 ms, and cy5 to 1000 ms. Colocalization of signal was
analyzed in ImageJ using the Colocalization Finder and JaCoP plugin [69]. These plugins
were used to compute the Pearson’s cross-correlation coefficient (PC) and Manders’
colocalization coefficients (M1, M2). In addition, pairwise correlations between channels

were visualized using scatterplots of pixel intensity.

Stable Isotope Probing and nanoSIMS

Methane seep sediments containing abundant ANME-2b and SEEP-SRB1g
consortia (Supp. Fig. 2) were used in stable isotope probing (SIP) experiments to test for
diazotrophic activity by SEEP-SRB1g. SIP incubations (Supp. Table 3) were prepared by
sparging source bottles and 30 mL serum bottles with N, and mixing 5 mL of sediment
with 5 mL N,-sparged artificial seawater without a N source. N sources were removed
from the sediment slurry by washing with artificial seawater without an N source (see
Supplemental Materials and Methods). Two anoxic incubations were pressurized with 2.8
bar CH, with 1.2 mL "N, (Cambridge Isotopes, Tewksbury, MA, part # NLM-363-PK, lot
#1-21065) at 1 bar, approximately equivalent to 2% headspace in 20 mL CH,4 at 2.8 bar
(Supp. Table 3). Potential °"NH," contamination in '°N; stocks have been previously
reported and can lead to spurious results in nitrogen fixation experiments. We did not test

for fixed N in the specific reagent bottle used in these experiments. However, previous
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comparisons of "N} stocks identify those from Cambridge Isotopes as among the least-

contaminated "°N, stocks available [70]. Positive control incubations (1 = 2) were amended
with 500 pM ""NH4Cl and were pressurized with 2.8 bar CH, and 1.2 mL natural-
abundance N at 1 bar. Incubations were periodically checked for AOM activity via sulfide
production using the Cline assay [71] and were chemically fixed for FISH-nanoSIMS
analysis [72] after 9 months. Samples of slurry fluid were collected, filtered using a 0.2 pm
filter, and measured for dissolved ammonium concentrations using a Dionex ICS-2000 ion
chromatography system (Thermo Scientific) housed at the Environmental Analysis Center
at Caltech. Fixed ANME-SRB consortia were separated from the sediment matrix and
concentrated following published protocols [5]. Samples were then embedded in Technovit
H8100 (Kulzer GmbH, Germany) resin according to published protocols [5, 31] and semi-
thin sections (2 pm thickness) were prepared using an Ultracut E microtome (Reichert AG,
Austria) which were mounted on Teflon/poly-L-lysine slides (Tekdon Inc., USA). FISH
reactions were performed on serial sections (n = 30) using Seeplg-1443 and ANME-2b-
729 probes as described above, with the omission of 10% SDS to prevent detachment of
section from slide (G. Chadwick, pers. comm.), and slides were imaged and mapped for
subsequent nanoSIMS analysis using a Zeiss Elyra PS.1 platform. Sequential sections of
each sample were imaged and mapped to identify the section most representative of a
section through the center of ANME-SRB consortia. This allowed for the interpretation of
spatial patterns correlated with distance from the exterior of the ANME-SRB consortium
on the x-y plane as representative of those correlated with the unobserved x-z and y-z
planes. After removal of DAPI-Citifuor mounting medium by washing in DI water

following published protocols [72], individual wells on the slides were scored with a



23
diamond scribe and cut to fit into the nanoSIMS sample holder (~1 cm diameter) and

sputter-coated with 40 nm Au using a Cressington sputter coater. Briefly, nanoSIMS
analyses were performed using a Cameca NanoSIMS 50L housed in Caltech’s
Microanalysis Center: 512 x 512 pixel raster images of 20 pm” were collected for '*C",
%07, ”C'*N-, PNC, 28Si, and **S ™ ions by sputtering with a ~1 pA primary Cs'ion
beam current with a dwell time of 12-48 ms/pixel. Data were analyzed using

look@nanoSIMS [73].

RESULTS

16S ¥rRNA Correlation Analysis Predicts A Specific Association Between ANME-2b And

SEEP-SRBIg

Correlation analysis applied to 16S rRNA gene amplicon libraries has been frequently used
to identify interactions between microorganisms based on the co-occurrence of their 16S
rRNA sequences in different environments or conditions [74—77]. Here, we applied
correlation analysis to [llumina 16S rRNA amplicon sequences recovered from Costa
Rican methane seep sediments (Supp. Table 1) to explore partnership specificity between
ANME and associated SRB. QIIME processing of amplicon sequences prepared from 310
Costa Rican methane seep sediment and seep carbonate samples yielded 3,052 OTUs after
filtering in R. A table of read abundances for these OTUs across the 310 samples was
analyzed by SparCC to calculate correlation coefficients and significance for all possible

4,658,878 OTU pairs using 100 bootstraps (Fig. 1a). Of these pairs, 9.7% (452,377) had
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pseudo-p-values < 0.01, indicating the coefficients for each of these correlations

exceeded that calculated for that same OTU pair in any of the 100 bootstrapped datasets
[41]. The taxonomic assignment of the constituent OTUs of correlations with pseudo-p <
0.01 were then inspected, where 18% (81,459) of correlations with pseudo-p < 0.01
describe those involving ANME (Fig. 1b). Of these, 32% occur between ANME and OTUs
assigned to three main taxa: Desulfococcus sp. (renamed SEEP-SRB1g, see discussion
below), SEEP-SRB1a, and SEEP-SRB2 (Fig. 1c). A complete list of significant
correlations, their coefficient values, OTU identifiers, and accompanying taxonomy

assignments can be found in Supplemental Table 4.

16S rRNA phylogenetic analysis revealed the SILV A-assigned “Desulfococcus sp.”
OTUs comprise a sister clade to the SEEP-SRB1a that is distinct from cultured
Desulfococcus sp. (e.g. D. oleovorans and D. multivorans, see below). We therefore
reassigned the Desulfococcus OTUs to a new clade we termed SEEP-SRB1g following the
naming scheme outlined for seep-associated SRB in Schreiber, et al. (e.g. SEEP-SRB1a
through -SRB1f) [15]. Furthermore, statistically-significant correlations between OTUs of
ANME and SRB taxa suggested that ANME-SRB partnerships in the Costa Rica seep
samples could be classified into the following types: ANME-1 with SEEP-SRB1a or
SEEP-SRB2, ANME-2a with SEEP-SRB1a, ANME-2b with SEEP-SRB1g, ANME-2¢
with SEEP-SRB1a or SEEP-SRB2, and ANME-3 with SEEP-SRBI1a (Fig. 1d). While
physical association between different ANME lineages and Deltaproteobacterial clades

SEEP-SRB1a and SEEP-SRB2 had been well-documented [5, 13, 15, 31, 34], members of
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Figure 1. Analysis of SparCC-calculated correlations between 16S rRNA amplicon sequences (OTUs clustered at 99% similarity) from an ecological
survey of 310 methane seep sediment samples from seafloor sites off of Costa Rica. A stacked histogram (A) illustrates the proportion of correlations

deemed significant on the basis of pseudo-p-values < 0.01 calculated by comparison with 100 bootstrapped correlation tables (see Materials and

Methods). Of the correlations with pseudo-p-values < 0.01, 18% include ANME with a non-ANME taxon (B). Significant correlations between OTUs
with taxonomy assignments that are identical at the genus level (e.g. two Anaerolinea OTUs) are indicated by identical taxonomy assignment. 32% of

correlations between ANME and non-ANME taxa are represented by OTUs assigned to three groups of sulfate-reducing bacteria: SEEP-SRB1g,

SEEP-SRBI1a, and SEEP-SRB2 (C). Stacked histograms of correlations between OTUs assigned to SEEP-SRB1g, SEEP-SRB1a, or SEEP-SRB2 and
ANME OTUs, parsed by ANME subtype (D), highlights specific associations predicted between ANME-1 and either SEEP-SRB1a or SEEP-SRB2,
ANME-2a and SEEP-SRB1a, ANME-2¢ and SEEP-SRB1a, and between ANME-2b and SEEP-SRB1g.
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the SEEP-SRB1g had not previously been identified as a potential syntrophic partner

with methanotrophic ANME.

These associations were further examined by detailed network analysis in which the
table of correlations with pseudo p-values < 0.01 was further filtered to contain only those
correlations with coefficients (a measure of correlation strength) in the 99™ percentile of all
significant correlations. A network diagram in which nodes represent OTUs and edges
between nodes represent correlations was constructed with force-directed methods [78],
where edge length varied in inverse proportion to correlation strength. A subregion of this
network focused on ANME-associated OTUs is presented in Figure 2. Cohesive blocks,
subsets of the graph with greater connectivity to other nodes in the block than to nodes
outside [79], were calculated and revealed 3 primary blocks of ANME and SRB OTUs.
Visualization of these 3 blocks by a chord diagram [80] further highlighted the taxonomic
identity of ANME-SRB OTU pairs in these blocks: ANME-1 or ANME-2c¢ (one OTU with
mean read count < 10) and SEEP-SRB2, ANME-2a or ANME-2¢ and SEEP-SRB1a, and
ANME-2b or ANME-2a and SEEP-SRBI1g (Fig. 2b). The predicted associations between
ANME-2c and SEEP-SRB2 and between ANME-2a and SEEP-SRB1g were relatively
more rare than the other associations; only one rare ANME-2¢c OTU (mean read count <
10) and four uncommon ANME-2a OTUs (mean read count < 100) were predicted
between SEEP-SRB2 and SEEP-SRB1g, respectively. Inferred partnership specificity in
two of the blocks has been previously corroborated by FISH studies, namely associations
between ANME-1 with SEEP-SRB2 [13, 34], ANME-2c with SEEP-SRB1a [5], and

ANME-2a with SEEP-SRB1a [15]. The partnership between SEEP-SRB1g and ANME-2b,
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however, had no precedent, as the only previous FISH descriptions of ANME-2b had

placed it with a partner Deltaproteobacterium with taxonomy not known beyond the

phylum level [5, 31].

Common Patterns of Association Observed in Network Analysis and in Single ANME-SRB
Consortia

To test if ANME-SRB partnership specificity observed in our correlation analysis
of 16S rRNA amplicon sequences from seep samples (Figs. 1, 2) was consistent with data
collected from individually-sorted ANME-SRB consortia after BONCAT-FACS [39], we
constructed a phylogeny with full-length and amplicon 16S rRNA sequences from ANME-
associated SRB including SEEP-SRB1g (Fig. 3; Supp. Fig 5). These individual ANME-
SRB sorted by BONCAT-FACS were sourced from methane seep sediment samples
recovered from Hydrate Ridge off the coast of Oregon and seafloor sites in Santa Monica
Basin, California, allowing us to further test whether the ANME-2b—SEEP-SRB1g
partnership can be detected in seafloor sites beyond Costa Rica. 16S rRNA amplicon
sequences from the network analysis (Fig. 2) and from BONCAT-FACS sorted consortia
from Hydrate Ridge seeps off of Oregon and seeps from the Santa Monica Basin, CA (Fig.
3; [39]) were then annotated by ANME subtype and identity of associated phylotypes. In
the BONCAT-FACS dataset, 8 out of 11 (72%) of the consortia with ANME-2b OTUs had
corresponding deltaproteobacterial OTUs that belonged to the SEEP-SRB1g clade (Fig. 3).

Similarly, of the Deltaproteobacteria OTU sequences from the BONCAT-FACS sorted
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Figure 2. Network analysis of the subset of correlations between OTUs calculated by SparCC [41]
that are both significant (pseudo-p-values < 0.01, 100 bootstraps) and strong (> 99™ percentile).
Edge length is inversely proportional to correlation strength and is used to visualize the network
(top panel) using force-directed methods [78]. Edges are black where they belong to a set of
cohesive blocks of nodes [79] and gray otherwise. Chord diagram [80] visualizing ANME-SRB
partnership specificity (bottom panel), with band thickness between SRB (left) and ANME (right)
proportional to the number of edges between ANME and SRB OTUs within cohesive blocks.
Network analysis supports (cf. Fig. 1) previously-undescribed association between ANME-2b and
SEEP-SRBIlg.



29
consortia affiliated with SEEP-SRB1g, 89% (8/9) had ANME-2b as the archaeal partner

(Fig. 3).

Notably, we found that these SEEP-SRB1g sequences were also highly-similar to
published full-length 16S rRNA clone library sequences (e.g. NCBI accession AF354159)
from seep sediments where ANME-2b phylotypes were also recovered [21]. A y*-test for
independence was performed on 16S rRNA OTUs recovered from (39) to test the null
hypothesis that the presence of a given SRB taxon in a FACS sort is independent of the
type of ANME present in the sort. This test demonstrated that the SRB taxon found in a
given sort was dependent on the ANME also present in the sort, x> =30.6 (d.f =6, n=
30), p <0.001. The pattern of association between ANME and SRB OTUs in individual
BONCAT-FACS-sorted ANME-SRB consortia thus corroborated the inference from
network analysis that ANME-2b and SEEP-SRB1g OTUs exhibit significant partnership
specificity. On the basis of amplicon sequence associations found from the BONCAT-
FACS sorting dataset (Oregon and California seeps) as well as those displayed by
correlation analysis of amplicons from Costa Rica methane seeps, we designed a set of
independent experiments to directly test the hypothesis that ANME-2b form syntrophic

partnerships with the previously-undescribed SEEP-SRB1g deltaproteobacteria.

FISH Experiments Show SEEP-SRB1g in Association With ANME-2b

Specific oligonucleotide probes were designed and tested for the SEEP-SRB1g

clade (Supp. Fig. 1) and FISH experiments were used to validate the predicted ANME-
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Figure 3. 16S rRNA phylogenetic tree of methane seep Deltaproteobacteria and other lineages,
including sequences from recovered metagenome-assembled genomes (MAGs) [14], 16S rRNA
amplicon sequences from BONCAT-FACS-sorted ANME-SRB consortia [39], 16S rRNA
amplicon sequences from this study, and previously published full-length 16S rRNA sequences
from clone libraries. Maximum likelihood phylogeny was inferred using 100 bootstraps with >70%
or 90% bootstrap support of internal nodes indicated with open or closed circles, respectively. Taxa
associated with SRB 16S rRNA amplicon sequences were determined from data in Hatzenpichler,
et al. 2016 [39] (BONCAT-FACS-sorted ANME-SRB consortia), and by network analysis of 16S
rRNA amplicon sequences from methane seep samples (cf. Fig. 2). Taxa in bold represent 16S
rRNA sequences from MAG bins acquired from methane seep sediments [14] or from BONCAT-
FACS-sorted ANME-SRB consortia, including associated 16S rRNA amplicon sequences [39]. The
SEEP-SRB1a and -1g clades are operationally defined here by the extent of matches to the
respective 16S rRNA FISH probes Seepla-1441 and Seeplg-1443. Given the low bootstrap values
for divergent sequences, the true extent of the SEEP-SRB1g clade is unclear, indicated by the
dashed line (cf. Supp. Fig. 6).

FISH Experiments Show SEEP-SRB1g in Association With ANME-2b

Specific oligonucleotide probes were designed and tested for the SEEP-SRB1g
clade (Supp. Fig. 1) and FISH experiments were used to validate the predicted ANME-
2b—SEEP-SRB1g partnership. Simultaneous application of FISH probes targeting SEEP-
SRB1a, the dominant deltaproteobacterial partner of ANME (Seepla-1441 [15]), the newly
designed SEEP-SRB1g probe (Seeplg-1443, this work), and a probe targeting ANME-2b
(ANME-2b-729 [39]) demonstrated that ANME-2b form consortia with SEEP-SRB1g,
appearing as large multicellular consortia in seep sediment samples from different localities
at Costa Rica methane seep sites (see Supplemental Materials and Methods for site details)
that also contain ANME-2a (Fig. 4b, Supp. Fig. 3) and ANME-2c (Fig. 4f, Supp. Fig. 4).
Results from FISH analysis of >83 consortia from 2 subsamples of seep sediments showed
that ANME-2b was not observed in association with SEEP-SRB1a (Figs. 4a, 4e), and

SEEP-SRB1g was not observed in association with ANME-2a (Fig. 4d) or ANME-2c¢ (Fig.
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4h) when FISH probes ANME-2a-828 or ANME-2¢-760 [20] were substituted for

ANME-2b-729. Instead, SEEP-SRB1a was found in consortia with ANME-2a (Fig. 4c)

and ANME-2c (Fig. 4g), consistent with previous reports [15]; (Supp. Fig. 5).

Genomic Potential for N Fixation in Sulfate-reducing SEEP-SRB1g Deltaproteobacteria

Given the importance of diazotrophy in the functioning of ANME-SRB syntrophy,
we screened metagenome-assembled genome bins (MAGs) of SEEP-SRB1g for the
presence of the nitrogenase operon. A genome tree constructed from previously published
MAGs from Hydrate Ridge and Santa Monica Basin [14, 39] revealed that two closely
related MAGs (Desulfobacterales sp. C00003104, and C00003106) originally classified as
belonging to the Seep-SRBI1c clade [14] possessed the nitrogenase operon (Fig. 5). These
MAGs did not contain 16S rRNA sequences, precluding 16S rRNA-based taxonomic
identification. A more detailed look at these reconstructed genomes revealed that the
nitrogenase along with a suite of other genes were unique to this subclade and missing in
other SEEP-SRB1c MAGs [14], suggesting they may represent a distinct lineage. In an
effort to connect these nitrogenase containing SRB MAG’s with representative 16S rRNA
sequences, we examined mini-metagenome data from individual BONCAT-FACS sorted
ANME-SRB consortia which each contained 16S rRNA gene sequences for the ANME
and bacterial partner [39]. A genome tree containing deltaproteobacterial MAGs [14] and
reconstructed deltaproteobacterial genomes from the BONCAT-FACS sorts [39] revealed

one SRB genome from a FACS-sorted consortium (Desulfobacterales sp.
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Figure 4. FISH data targeting ANME-SRB consortia in seep sediment samples using
oligonucleotide probes targeting ANME-2b (ANME-2b-726) and ANME-2a (ANME-2a-828); (in
red), a SEEP-SRB1a (Seepla-1443) probe (in yellow) and a newly-designed probe (Seeplg-1443)
targeting the SEEP-SRB1g clade (in green) demonstrating physical association between ANME-2b
and SEEP-SRB1g. DAPI counterstain is shown in blue. Seep sediments harboring ANME-2a and
ANME-2b (A-D) host ANME-SRB consortia that are composed of either ANME-2a—SEEP-SRB1a
or ANME-2b—-SEEP-SRB1g (B, C, D). FISH analysis of ANME-SRB consortia from sediments
rich in ANME-2¢ and ANME-2b (E-H) documented ANME-SRB consisting of ANME-2b—SEEP-
SRB1g or ANME-2c-SEEP-SRB1a partnerships (F, G, H); ANME-SRB consortia positively
hybridized with the SEEP-SRB1g or SEEP-SRB1a probes were not observed to hybridize with
probes targeting ANME-2¢ (H) or ANME-2b (E), respectively. In all panels, the scale bar is 10 um.

CONS3730E01UFb1, IMG Genome ID 3300009064) was closely related to the two
putative SEEP-SRB1¢ MAGs containing the nitrogenase operon (Fig. 5). The 16S rRNA
amplicon sequence (NCBI accession KT945234) associated with this Desulfobacterales sp.
CONS3730E01UFb1 genome was used to construct a 16S rRNA phylogeny and confirmed
to cluster within the SEEP-SRB1g clade, providing a link between the 16S rRNA and
associated nitrogenase sequences in this lineage (Fig. 3). Given that Desulfobacterales sp.
CONS3730E01UFbl1, C00003104, and C00003106 genomes appeared highly similar on
the genome tree (Fig. 5), we reassigned the previously published Desulfobacterales sp.
C00003104 and C00003106 MAGs to the SEEP-SRB1g. Notably, the other 16S rRNA
amplicon sequence sampled from the sorted consortium CONS3730E01UF (NCBI

accession KT945229) was assigned to ANME-2b [39]. The detection of a nifHDK operon
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Figure 5. Genome tree of ANME-associated Deltaproteobacteria and related organisms
inferred from maximum likelihood methods. Bootstrap support for internal nodes was
determined using 100 bootstraps and depicted on the tree as open (>70% bootstrap support)
or closed (>90%) circles. Genome bins containing a 16S rRNA gene or an associated 16S
rRNA amplicon sequence are highlighted in bold and with a color corresponding to 16S
taxonomy assignment. Inferred taxonomy of genome bins closely related to bins containing
16S rRNA sequences are highlighted in a lighter shade. Genome bins containing the
nitrogenase operon are annotated with a blue bar. nifH sequences found to be expressed in
methane seep sediments in cDNA clone libraries [8] are annotated by “cDNA”. As noted in
the text, a search of unpublished SEEP-SRB1a MAGs revealed the presence of highly-
expressed [8] nifH sequences in several unpublished bins (Supp. Fig. 7).
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involved in nitrogen fixation (Fig. 5) in the SEEP-SRB1g MAGs was of particular

interest as diazotrophy had not previously been an area of focus in the analyses of ANME-
associated SRB genomes. A re-analysis of published nifH cDNA sequences from methane
seep sediments revealed sequences that were nearly identical to the SEEP-SRB1g nifH
(NCBI accession KR020451-KR020457, [8]) suggesting active transcription of SEEP-
SRB1g nifH under in situ conditions (Fig. 6, Supp. File 1). An analysis of published
methane seep metaproteomic data [14] also indicated active translation of nitrogenase by
SEEP-SRB1g, corroborating evidence from cDNA libraries [8]. Additionally, other nifH
cDNA sequences in this study were found to be identical to nitrogenase sequences
occurring in 18 SEEP-SRB1a unpublished metagenome bins (Supp. Fig. 7) demonstrating

that at least some of the syntrophic SEEP-SRB1a SRB partners also possess and actively

express nifH.

nifH Expression in ANME-2b—SEEP-1g Consortia Visualized by HCR-FISH

The dominant role of ANME-2 in nitrogen fixation reported in previous studies [8—10]
motivated our examination of whether the sulfate-reducing SEEP-SRB1g partners of
ANME-2b were also involved in diazotrophy, either in concert with the ANME-2b partner,
or perhaps as the sole diazotroph in this AOM partnership. Using the nifH sequences from
SEEP-SRB1g, we worked with Molecular Technologies to design a mRNA-targeted probe

set to use in whole-cell hybridization chain reaction FISH (HCR-FISH) assays (Supp.
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Figure 6. Phylogeny of nifH sequences extracted from nifH cDNA (red text) and DNA clone
libraries [8], from genome bins acquired from methane seep sediments [14], and from other
Deltaproteobacteria genomes using a tblastn search with chlorophyllide reductase BchX
(WP011566468) as a query. This BchX sequence along with another BchX (WP012180173) were
used as an outgroup to root the tree. Phylogeny was inferred by maximum likelihood methods using
100 bootstraps; bootstrap support of internal nodes is illustrated as open or closed circles, indicating
>70% or >90% bootstrap support, respectively. nifH recovered from the BONCAT-FACS-sorted
genome CONS3730E01UFb1, a bin with an accompanying 16S rRNA amplicon sequence placing
it within the SEEP-SRB1g, is highlighted in teal. nifH groups (sensu Raymond et al. [97]) were
assigned by comparison with Dekas, et al. 2016, and are annotated either by group number or
abbreviated as follows: MSL, Methanosarcina-like; MSG, Methane Seep Group.
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Table 2). HCR-FISH allows for signal amplification and improved signal-to-noise ratio

compared to FISH, and has been used in single cell mRNA expression studies in select
microbial studies [8§1-83]. Prior to this study, however, HCR-FISH had not been applied to
visualize gene expression in ANME-SRB consortia from methane seep sediments. In the
context of experiments with sediment-hosted ANME-SRB consortia, HCR-FISH provided
adequate amplification of the signal to detect expressed mRNA above the inherent
background autofluorescence in sediments. Using our HCR-FISH probes targeting SEEP-
SRB1g nifH mRNA together with the standard 16S rRNA targeted oligonucleotide FISH
probes Seeplg-1443 (targeting SEEP-SRB1g) and ANME-2b-729 (targeting ANME-2b),
we successfully imaged nifH mRNA transcripts by SEEP-SRB1g cells in ANME-2b—
SEEP-SRB1g consortia in a sediment AOM microcosm experiment (Fig. 7) in which

sediments were incubated in filtered deep-sea water sampled near the seep site.

Concentrations of fixed nitrogen species in our incubations were not measured at
t=0, but based on independent measurements of porewater ammonium from methane seeps
([NH;'] =24 —307 uM [10]), we expect some amount (~ uM) of fixed nitrogen was
carried over at the start of our microcosm experiments. We measured dissolved ammonium
in the "N incubations (n = 2) approximately 3 months prior to consortia sampling for
nanoSIMS (111-134 pM), and at the time of sampling for nanoSIMS (110 uM to below
detection). The strongest HCR-FISH nifH fluorescence signal in this sample was observed
to in cells identified as the SEEP-SRB1g bacterial partner by 16S rRNA FISH (n = 5), with
weaker nifH fluorescence observed in ANME-2b stained cells, but not in co-occurring

ANME-2a or -2c consortia. Negative control experiments for the HCR-FISH reaction
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Figure 7. HCR-FISH assays show in situ expression of nifH in SEEP-SRB1g in association with
ANME-2b in methane seep sediment incubations, scale bars in all panels are 5 um. ANME-2b (B,
G) and SEEP-SRBI1g (C, H) cells labeled with FISH probes ANME-2b-729 (in red, [39]) and
newly-designed Seeplg-1443 (in green) with DAPI as the DNA counterstain (A,F). HCR-FISH
targeting SEEP-SRB1g nifH mRNA (in yellow; Supp. Table 2) demonstrated active expression of
nifH transcripts localized to SEEP-SRB1g cells (D, I), supporting the hypothesis of diazotrophy by
partner SRB. Control experiments omitting either HCR-FISH initiator probes targeting SEEP-
SRB1g nifH mRNA or HCR-FISH amplifiers (Supp. Fig. 8) and colocalization analysis of these
control experiments (Supp. Figs. 9, 10) excluded the possibility that positive signal for SEEP-
SRB1g nifH was due to bleed-through of fluorescence from Alexa488 bound to the probe targeting
SEEP-SRB1g 16S rRNA.

were also performed. Here, SEEP-SRB1g nifH initiator probes were added to the assay, but
the fluorescent amplifier hairpins were excluded. In this case, there was no fluorescent
signal in either the FISH-stained bacteria or archaeal partners in ANME-2b aggregates
indicating that the detected nifH HCR-FISH signal (Fig. 7) was not due to native
autofluorescence in Seep-SRB1g (Supp. Fig. 8f-j), nor due to bleed-through of
fluorescence from the SEEP-SRB1g 16S rRNA probe. In a second negative control

experiment, we excluded the nifH initiator probes that bind the mRNA but added the
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fluorescent amplifier hairpins. This control showed minimal non-specific binding of the

hairpins that could be readily differentiated from the positively-hybridized SEEP-SRB1g
(Supp. Fig. 8a-e). Occasionally, highly localized, small spots of fluorescence from the
hairpins was observed (Supp. Fig 8d) but these spots were primarily localized outside of
aggregates and did not align with either bacteria or archaea in consortia (e.g. Fig. 8d).
Colocalization image analysis of the control experiments revealed low correlation between
FITC (SEEP-SRBI1g 16S) or cy3 (ANME-2b 16S) channels with signal in the cy5 (SEEP-
SRB1g nifH) channel (Supp. Figs. 9, 10). In contrast, a strong correlation was observed
between the FITC and cy5 channels in the HCR-FISH experiment using initiator and
amplifiers to detect SEEP-SRB1g nifH mRNA expression, producing a linear correlation in
a scatterplot of pixel intensities (Supp. Fig. 11). Some correlation was also observed
between the 16S rRNA ANME-2b signal (cy3) and the HCR-FISH SEEP-SRBI1g nifH
(cy5) channels, indicating that there may be a degree of non-specific binding of the SEEP-
SRB1g nifH initiator probes to ANME-2b nifH mRNA, perhaps due to the conserved
nature of nitrogenase sequences. Confirmation of single consortia nifH expression using
HCR-FISH corroborated community-level evidence from cDNA libraries (Fig. 6) that
SEEP-SRB1g actively express nifH, suggesting their potential involvement in diazotrophy

in AOM consortia.
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Figure 8. Correlated FISH-nanoSIMS imaging of representative ANME-2b—SEEP-SRB1g
consortia demonstrating active diazotrophy by ANME-2b (B, E) and SEEP-SRB1g (H) cells
through "N incorporation from '°N,. FISH images of ANME-2b (pink) and SEEP-SRB1g (green)
are shown in panels A, D, G and corresponding nanoSIMS 15N atom percent values are shown in
panels B, E, and H. Scale bar is 5 um in panels A, D, G; raster size in panels B, E, and H is 20 umz.
Violin plots (C, F, I) of °N fractional abundance for each type of ROI, representing single ANME-
2b or SEEP-SRBI1g cells. The number of ROIs measured is indicated by n in each panel.
Diazotrophic activity in ANME-2b cells appears to be correlated with spatial structure, evidenced
by increasing 15N enrichment in cells located within consortia interiors (E, F). SEEP-SRB1g cells
are also observed to incorporate °N from "N, and appear to be the dominant diazotroph in the
consortium shown in panels G, H, and I, with cellular 5N enrichment in SEEP-SRB1 g cells greater
than that of the paired ANME-2b partner. Abscissa minima set to natural abundance of "N (0.36%).
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N, Stable Isotope Probing and FISH-nanoSIMS Experiments Confirm Involvement of

SEEP-SRBIg in N -fixation in Addition to ANME-2b

To test for active diazotrophy by ANME-2b-associated SEEP-SRB1g, we prepared
>N, stable isotope probing incubations of methane seep sediments recovered from a Costa
Rica methane seep. These nitrogen-poor sediment incubations were amended with
unlabeled methane and °N, and maintained in the laboratory at 10°C under conditions
supporting active sulfate-coupled AOM (see Supplemental Materials and Methods).
Sediments with abundant ANME-SRB consortia were sampled after 9 months of
incubation and consortia were embedded, sectioned, and analyzed by FISH-nanoSIMS to
measure single cell "N enrichment associated with diazotrophy within ANME-2b—SEEP-
SRB1g consortia. Representative ANME-2b—SEEP-SRB1g consortia (n = 4) were
analyzed by FISH-nanoSIMS and shown to be significantly (~10x) enriched in "°N relative
to natural abundance values (0.36%; Fig. 8). Among the consortia analyzed, the °N
fractional abundance in ANME-2b cells were often higher than that measured in SEEP-
SRB1g, with ANME-2b cells on the exterior of an exceptionally large consortium (Fig. 8b-
¢) featuring "°N fractional abundance of 1.73% + 0.14 (number of ROIs, n = 72),
significantly enriched relative to that measured in SEEP-SRB1g cells in the exterior, 0.77%
+ 0.09 (n = 58). In this limited dataset, ANME-2b were observed to fix more nitrogen than
their SEEP-SRB1g partners, consistent with previous reports from ANME-2-DSS
consortia [8—11]. Notably, however, in one of the 4 ANME-2b—SEEP-SRB1g consortia
analyzed, the SEEP-SRBIg cells were more enriched in "°N relative to the associated

ANME-2b cells, with ANME-2b cells containing 1.34% + 0.13 "N (n = 82) and SEEP-
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SRBIg containing 3.02% + 0.20 "N (n = 22, Fig. 8i), suggesting that under certain

circumstances the sulfate-reducing partner can fix more nitrogen than their ANME-2b
partners. Additionally, a gradient in '°N enrichment in a large (~250 pm diameter) ANME-
2b consortium was observed in which clusters of ANME-2b cells associated with the
interior of the consortia, ~ 10 um distance from the external environment, were
significantly more enriched in "N (Fig. 8f, 2.64% + 0.14; n = 116) relative to ANME-2b
clusters near the aggregate exterior (Fig. 8c, 1.73% + 0.14; n = 72). In this consortium, no
equivalent "N enrichment gradient was observed in the SEEP-SRB1g partner, with SEEP-
SRBIg cells in the exterior containing '°N atomic percent values of 0.77% + 0.09 (n = 58)

compared with those measured on the interior, 0.78% + 0.09 (n = 62).

DISCUSSION

The symbiotic relationship between ANME and associated SRB, originally
described by Hinrichs [17], Boetius [4], and Orphan [21], has been the focus of extensive
study using FISH [5, 7, 13, 15, 25, 26, 29, 34, 35], magneto-FISH [29, 37, 38], and
BONCAT-FACS [39], culture-independent techniques that have provided insight into the
diversity of partnerships between ANME and SRB. While these fluorescence-based
approaches offer direct confirmation of physical association between taxa and are thus
useful for characterizing partnership specificity, they are often constrained by sample size
and are comparatively lower-throughput than sequencing-based approaches. Next-
generation [llumina sequencing of 16S rRNA amplicons offers advantages in terms of

throughput and has become a standard approach in molecular microbial ecology.
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Correlation analysis performed on these large 16S rRNA amplicon datasets can be an

effective hypothesis-generating tool for identifying microbial interactions and symbioses in
the environment [77], but most studies employing this approach stop short of validating
predictions. As correlation analysis of 16S rRNA amplicon data can generate false
positives due to the compositional nature of 16S rRNA amplicon libraries [41, 42, 84],
specific correlations predicted between taxa should be corroborated when possible by

independent approaches.

In this study, we used correlation analysis of 16S rRNA amplicon sequences from
310 methane seep sediment and carbonate samples on the Costa Rican Margin to identify
well-supported (pseudo-p-values < 0.01) positive correlations between specific OTUs
commonly observed in seep ecosystems. Our analysis identified strong correlations
between syntrophic partners previously described in the literature, such as that between
members of the SEEP-SRB1a and ANME-2a/ANME-2c¢ clades and between ANME-1 and
SEEP-SRB2 [5, 7, 13, 15, 25, 26, 29, 34, 35], and uncovered previously unrecognized
relationships between members of the ANME-2b clade and OTUs affiliated with an
uncultured Desulfobacterales lineage, SEEP-SRB1g (Figs. 1-3). We then validated the

specificity of the ANME-2b and SEEP-SRB1g association by FISH (Fig. 4).

The specificity of the association between ANME-2b and SEEP-SRB1g appeared
to extend beyond Costa Rica methane seeps and is likely a widespread phenomenon, as this
association was also recovered from BONCAT-FACS datasets originating from methane
seep sites off of Oregon, USA (Hydrate Ridge) and from the Santa Monica Basin,

California, USA. Our observations of ANME-2b—SEEP-SRB1g partnership specificity in
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numerous samples is consistent with published observations of other ANME-SRB

partnerships, where consortia composed of specific ANME and SRB clades have been
observed in seep ecosystems worldwide [15]. Notably, the syntrophic relationship between
ANME-2b and SEEP-SRB1g appears to be specific (Fig. 2), as FISH observations from
sediment samples from multiple Costa Rica methane seep sites (Supp. Table 1) did not
show ANME-2b in consortia with other bacteria besides the SEEP-SRB1g (Fig. 4, Supp.
Fig. 5). In contrast, the Desulfobacteraceac SEEP-SRB1a group in these same experiments
were found to form associations with both ANME-2a and ANME-2c, indicating that this
SRB syntrophic lineage has the capacity to establish partnerships with members of multiple
clades of ANME. Members of the diverse ANME-2¢ family also appeared to display
partnership promiscuity in our network analysis, with positive correlations observed
between ANME-2c OTUs and both SEEP-SRB1a and SEEP-SRB2 OTUs (Fig. 2). This
predicted partnership flexibility in the network analysis was corroborated by our FISH
observations of ANME-2c—SEEP-SRB1a consortia (Fig. 4) and additionally by prior
reports of ANME-2c in association with SEEP-SRB2 from Guaymas Basin sediments [13].
Taken together, these data suggest that partnership specificity varies among different clades
of ANME and SRB, which may be the result of physiological differences and/or molecular
compatibility, signal exchange, and recognition among distinct ANME and SRB that shape
the degree of specificity between particular ANME and SRB partners, as has been observed
in other symbiotic associations [85—87]. The degree of promiscuity or specificity for a
given syntrophic partner may be influenced by the co-evolutionary history of each
partnership, with some ANME or SRB physiologies requiring obligate association with

specific partners. A more detailed examination of the genomes of ANME-2b and SEEP-
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SRB1g alongside targeted ecophysiological studies may provide clues to the underlying

mechanism(s) driving specificity within this ANME-SRB consortia. Comparative
investigations with ANME-2a and -2¢ subgroups may similarly uncover strategies enabling
broader partner association, perhaps with preference for a SRB partner shaped by

environmental variables rather than through pre-existing co-evolutionary relationships.

An initial genomic screening of SEEP-SRB1g offered some insight into the distinct
metabolic capabilities of the SRB partner which may contribute to the association with
ANME-2b. The observation of a complete nitrogenase operon in 3 different SEEP-SRB1g
genome bins suggested the potential for nitrogen fixation, a phenotype not previously
described for ANME-associated SRB (Fig. 5). While previous work on nitrogen utilization
by ANME-SRB consortia has focused on diazotrophy performed by ANME-2 [8-10],
environmental surveys of seep sediments have noted active expression of nitrogenase
typically associated with Deltaproteobacteria [8, 88]. In these studies, the specific microbial
taxa associated with the expressed nitrogenase in methane seep sediments were not
identified, and based on this community-level analysis, it was not clear whether these
putative deltaproteobacterial diazotrophs were involved in AOM syntrophy. A
phylogenetic comparison of the nifH sequences found in SEEP-SRB1g MAGs with
sequences of the expressed deltaproteobacterial-affiliated (i.e. Group III) nifH transcripts
reported in seep sediments [8] allowed us to link the SEEP-SRB1g syntrophs with a clade
of Group III nifH sequences that were among the most highly expressed in situ (Figs. 5-6).
FISH-nanoSIMS performed on N, SIP incubations confirmed the potential for

diazotrophic activity in SEEP-SRB1g. Of the 4 ANME-2b—SEEP-SRB1g consortia
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analyzed by FISH-nanoSIMS, one showed significantly more "°N enrichment in the

SEEP-SRB1g partner relative to that observed in ANME-2b, while the other 3 displayed
higher "N enrichment in ANME-2b cells (Fig. 8). Additional experiments are required to
understand the ecological or environmental controls on N, fixation by ANME-2b and
SEEP SRB1g; however, our results linking the nitrogenase operon in SEEP-SRB1g MAGs
to highly expressed nifH transcripts in situ, evidence of nifH expression at single cell level
by HCR-FISH, and demonstration of '°N; assimilation by FISH-nanoSIMS, all support a
role for the SEEP SRB1g in nitrogen fixation as part of methane-oxidizing ANME-2b
consortia. Furthermore, the FISH-nanoSIMS "°N enrichment patterns within these
consortia are suggestive of partner-specific variation in N, fixation either ANME-2b or
SEEP-SRB1g, where one partner—ANME-2b or SEEP-SRB1g—fixes nitrogen in excess of
the other. We also must consider the fact that the nanoSIMS measures total °’N enrichment
in cellular biomass, and differences observed "°N enrichment between cells can also arise
from variation in overall anabolic activity [5], and not exclusively from diazotrophic
growth per se. Nevertheless, previous FISH-nanoSIMS data examining °N incorporation
from "°NH," as a general proxy for anabolic activity revealed that SRB partners to ANME-
2b tend to incorporate more '°N from supplied ammonium relative to their methanotrophic
partners [5], a pattern opposite to that observed in the majority of consortia incubated under
a N, atmosphere. In the light of this previous work, we interpret our nanoSIMS results as
indicating that factors beyond taxon-specific differences in nitrogen demand or anabolic
activity determine which partner is most diazotrophically active in AOM consortia.
Additionally, the observation of nitrogenase in the reconstructed genomes of members of

the SEEP-SRBI1a clade, consisting of the dominant syntrophic SRB partner (Supp. Fig. 7),
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highlights the possibility that nitrogen fixation may extend to other syntrophic bacterial

partners as well and merits further investigation. Re-examination of nitrogen fixation in
these partnerships with new FISH probes and nanoSIMS analysis at single-cell resolution
will further illuminate the full diversity of diazotrophic activity among ANME-SRB

consortia and the associated environmental/ physiological controls.

The factors responsible for determining which partner becomes the most
diazotrophically active in ANME-2b—SEEP-SRB1g consortia requires in depth study, but
our preliminary data suggest this may be influenced in part by the relative position of
ANME-2b or SEEP-SRB1g cells, particularly within large (>50 um) ANME-2b—SEEP-
SRB1g consortia. Previous studies of nitrogen fixation in ANME-SRB consortia found no
correlation between consortia size and diazotrophic activity in consortia with diameters <
10 um [10], but larger consortia such as those presented here have not been examined at
single-cell resolution. Additionally, consortia with the morphology observed here, in which
ANME-2b cells form multiple sarcinal clusters surrounded by SEEP-SRB1g (Figs. 4b, 8),
have not been the specific focus of nanoSIMS analysis but appear to be the common
morphotype among ANME-2b—SEEP-SRB1g consortia [31]. The frequency with which
this morphotype is observed in ANME-2b—SEEP-SRB1g consortia may be related to the
underlying physiology of this specific partnership, which, like other ANME-2 consortia,
are assumed to be interacting syntrophically through direct interspecies electron transfer
[5]. NanoSIMS analysis of a particularly large ANME-2b—SEEP-SRB1g consortium
(~200 um) with this characteristic morphology (Fig. 8a-f) revealed a gradient in

diazotrophic activity in which ANME-2b cells located in the interior of the consortium
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incorporated far more °N from '°N, than ANME-2b cells near the exterior. This pattern

may be related to variations in nitrogen supply from the external environment, as similar
patterns of nutrient depletion with increasing depth into microbial aggregates have been
predicted in modeling studies of nitrate uptake in Trichodesmium sp. [89] and directly
observed by SIMS in stable isotope probing studies of carbon fixation in biofilm-forming
filamentous cyanobacteria [90]. In these examples, modeling and experimental results
document declining nitrate or bicarbonate ion availability inwards toward the center of the
aggregates resulting from nitrate or bicarbonate consumption. An analogous process may
occur in large ANME-2b—SEEP-SRB1g consortia, where cells situated closer to the
exterior of the consortium assimilate environmental NH,", increasing nitrogen limitation
for cells within the consortium core. Interestingly, the single consortium in which the
SEEP-SRB1g partner fixed nitrogen in excess of the ANME-2b partner featured SEEP-
SRBI1g cells in the core of this consortium with ANME-2b cells toward the exterior (Fig.
8). The current nanoSIMS dataset is small and determining the biotic and environmental
factors that influence which partner is most diazotrophically active in ANME-2b—SEEP-
SRB1g consortia necessitates further study, but a reasonable hypothesis is that the
proximity of cells in a given ANME-2b—SEEP-SRB1g consortium relative to the
consortium exterior (and NH, " availability in the surrounding porewater) influences the
spatial patterns of diazotrophic activity by both ANME and SRB in large consortia. The
concentration of ammonium in seep porewater can be highly variable over relatively small
spatial scales (e.g. between 47 - 299 uM within a single 15 cm-long pushcore [10]), and
rates of diazotrophy estimated from laboratory incubations of methane seep sediment

samples indicate different threshold concentrations of NH, () above which diazotrophy
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ceases, as low as 25 uM [91] to 100-1000 uM [92—94]. In the large consortia observed

here, this threshold [NH, " (,q)] may be crossed within the consortium as NH, " is assimilated
by cells at the consortium exterior, inducing nitrogen limitation and diazotrophy by ANME
or SRB near the consortium core. The development of a simple 1D steady-state reaction-
diffusion model of ammonium diffusion and assimilation supports this hypothesis,
indicating that for ammonium assimilation rate constants calculated from measurements of
bulk methane seep sediment, porewater ammonium concentrations of ~30 uM can produce
spatial gradients in diazotrophic activity at length scales of 1 to 10 um within AOM
consortia (Supp. File 2). Given the potential importance of diazotrophy for large ANME-
SRB consortia and nitrogen cycling in methane seep communities [10, 91], future work

should test this hypothesis with '°N; incubations under variable [NH;" o).

The observed variation in diazotrophic activity in ANME-2b or SEEP-SRB1g cells
may also be the result of phenotypic heterogeneity [95] within the multicellular ANME-
2b—SEEP-SRB1g consortia, in which expression of the nitrogenase operon that ANME-2b
and SEEP-SRB1g partners both possess is an emergent behavior resulting from the spatial
organization of ANME-2b and SEEP-SRBI1g cells within the consortium. On the basis of
nanoSIMS observations of heterogeneous diazotrophy in clonal Klebsiella oxytoca
cultures, phenotypic heterogeneity was inferred to confer selective advantage on microbial
communities by enabling rapid response to environmental fluctuations [96]. Similar
heterogeneity in nif expression by ANME-2b or SEEP-SRB1g cells may provide partners
with resilience against changes in environmental nitrogen supply. Corroborating these

observations in diverse ANME-SRB consortia and direct coupling of single-cell mRNA
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expression with nanoSIMS-acquired "°N enrichment would further inform the degree to

which relative arrangement of the partners and spatial structure within a consortium plays a

significant role in determining the mode of nutrient or electron transfer between partners.



CONCLUSIONS 2
Here, we present an effective approach to detect novel pairings of microbial
symbionts by coupling correlation analysis of 16S rRNA amplicon data with FISH and
BONCAT-FACS experiments, going beyond amplicon sequencing-based hypothesis
generation to experimental validation of hypothesized partnerships using microscopy and
single-cell sorting techniques. Correlation analysis performed on a 16S rRNA amplicon
survey of methane seep sediments near Costa Rica uncovered a novel and highly specific
ANME-SRB partnership between ANME-2b archaea and a newly described
Desulfobacteraceae-aftiliated SEEP-SRB1g bacteria. The partnership specificity was
validated by FISH, and further corroborated by 16S rRNA amplicon sequences from
BONCAT-FACS-sorted single ANME-SRB consortia from methane seep sediments near
Costa Rica, Hydrate Ridge, and Santa Monica Basin in California. Preliminary genomic
screening of representatives from SEEP-SRB1g uncovered potential for nitrogen fixation in
these genomes. Examination of published nifH cDNA clone libraries [8] and transcriptomic
data [14] prepared from methane seep sediments demonstrated that SEEP-SRB1g actively
expresses nifH in situ. The colocalization of positive hybridization signal for nifH mRNA
using HCR-FISH and SEEP-SRB1g 16S rRNA in ANME-2b—SEEP-SRB1g consortia
supported the findings of in situ nifH transcription by SEEP-SRB1g. FISH-nanoSIMS
analysis of ANME-2b—SEEP-SRBI1g consortia recovered from SIP experiments with *N;
documented "°N incorporation in SEEP-SRB1g cells, confirming that SEEP-SRB1g can fix
nitrogen in addition to ANME-2b. Future work should focus on examining unique aspects
of each ANME-SRB syntrophic partnership to improve our understanding of the diversity

of microbial symbioses catalyzing the anaerobic oxidation of methane.
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SUPPLEMENTAL TABLES, FIGURES, AND FILES

Supplemental Table 1. (not shown) Samples of methane seep sediment used in this study to
produce 16S rRNA amplicon libraries. This file is available in a preprint version of this manuscript,
doi: 10.1101/2020.04.12.038331v1
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Probe Specificity Sequence (5° > 3’) Position % Hits in | Outgroup hits (#)
FA | target
group
S-F-SP1g- Methane CCTCTCGCATAAAGCGAGTTAGC 1443 — 35| 4/5 Desulfatiglans sp. (1),
1443-a-A-23 | seep SEEP- 1465 (80%) | Latescibacteria sp. (1), SEEP
(Seeplg- SRBlg SRB1a (1), Desulfobulbus sp.
1443) (1), SEEP SRB4 (1)
nifH Seeplg | SeeplgnifH | GAGGAGGGCAGCAAACGGaaCTGTGTTGTCGTGGA 43 -73 35 | N/A N/A
_43-73 setla | transcripts
nifH Seeplg | SeeplgnifH | GGCCTGCGACCGTATTtaGAAGAGTCTTCCTTTACG 43-73 35 | N/A N/A
_43-73 setlb | transcripts
nifH Seeplg | SeeplgnifH | GAGGAGGGCAGCAAACGGaaTTTTCTTTCCCATTT 80—-110 35 | N/A N/A
_80- transcripts
110 set2a
nifH Seeplg | SeeplgnifH | ACAGCCTACGACCATAAtaGAAGAGTCTTCCTTTACG | 80-110 35 | N/A N/A
_80- transcripts
110_set2b
nifH Seeplg | SeeplgnifH | GAGGAGGGCAGCAAACGGaaCCCTCCGAGAAGCAAA | 120-150 35 | N/A N/A
_120- transcripts
150 set3a
nifH Seeplg | SeeplgnifH | CCCTCCGAGAAGCAAAtaGAAGAGTCTTCCTTTACG 120 - 150 35 | N/A N/A
_120- transcripts
150 set3b
nifH_Seeplg | SeeplgnifH | GAGGAGGGCAGCAAACGGaaCTTCCTCCCTCAGGGT 160 — 190 35 | N/A N/A
_160- transcripts
190 setda
nifH Seeplg | SeeplgnifH | CTTCCTCCCTCAGGGTtaGAAGAGTCTTCCTTTACG 160 — 190 35 | N/A N/A
_160- transcripts
190 setdb
nifH_Seeplg | SeeplgnifH | GAGGAGGGCAGCAAACGGaaAGGCGCCCAGGGACT 320-350 35 | N/A N/A
_320- transcripts
350 set5a
nifH Seeplg | SeeplgnifH | CCCTCGGATTCCTCGTtaGAAGAGTCTTCCTTTACG 320 -350 35 | N/A N/A
_320- transcripts

350 set5b
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Supplemental Table 2. Newly-designed FISH probe (Seep1g-1443) and nifH mRNA HCR-FISH probe for labeling ANME-associated members of
SEEP-SRB1g or SEEP-SRB1g nifH transcripts, respectively. Bolded sequence is complementary to HCR-FISH amplifier B1; nonbolded sequence is
complementary to SEEP-SRB1g 16S rRNA or nifH RNA. Matches determined by comparison with ARB/SILVA SSU release 128 [54].
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Supplemental Table 3. (not shown) Stable isotope probing incubation conditions, sample
sources and sulfide concentration measurements as a proxy for sulfate reduction activity. This file is
available in a preprint version of this manuscript, doi: 10.1101/2020.04.12.038331v1

Supplemental Table 4. (not shown) SparCC-calculated correlations (pseudo-p < 0.01) between
OTUs, detailing coefficients, OTU identifiers, and taxonomy assignments. This file is available in a
preprint version of this manuscript, doi: 10.1101/2020.04.12.038331v1
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no probe control 359% formamide

209% formamide 459%, formamide

Supplemental Figure 1. Optimization of the newly designed Seep1g-1443 probe by FISH
hybridization of ANME-2b—SEEP-SRB1g consortia at a range of formamide concentrations.



Supplemental Figure 2. Krona chart depicting relative abundance of taxa in Costa Rica seep
sediment sample #10073 (Fig. 7) as measured by 16S rRNA amplicon sequencing.
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Supplemental Figure 3. Krona chart depicting relative abundance of taxa in Costa Rica seep
sediment sample #9279 (Fig. 4) as measured by 16S rRNA amplicon sequencing.
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Supplemental Figure 4. Krona chart depicting relative abundance of taxa in Costa Rica seep
sediment sample #9112 (Fig. 4) as measured by 16S rRNA amplicon sequencing.
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SEEP-SRBlg, , SEEP-SRB1la SEEP-SRBlg, , SEEP-SRB1a

Supplemental Figure 5. Quantification of
ANME-SRB partnership pairings in Costa Rica
seep sediment sample #9279 using 16S rRNA
FISH experiments, using probes Seeplg-1443,
ANME-2b-729, and SEEP-SRB1a (left panel)
and a complementary experiment (right panel)
in which the ANME-2b probe was exchanged for
ANME-2a-828. DAPI signal appears as blue in
all images. Scale bar (white) for all images is
10 ym. Tabulation of consortia comprised of
each pairing is presented at the bottom of each
column, showing highly specific pairing
between ANME-2b and SEEP-SRB1g.

SEEP-SRB1g SEEP-SRB1la SEEP-SRBlg SEEP-SRBla

DAPI only DAPI only
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Shewanella oneidensis MR-1

- Myxococcales
Desulfuromonadales
wulfobulbaceae
Syntrophaceae

00

Syntrophaceae

Dissulfurirhabdus thermomarina strain SH388
Dissulfuribacter thermophilus strain S69
Dissulfurimicrobium hydrothermale strain Sh68

Hot Seep-1

Thermosulfuriphilus ammonigenes strain ST65

/ .
Seep—SRBZ

T'_i\lwnmdesulforhabdus norvegica strain A8444

Seep-SRB1c

Desulfococcus oleovoran Hxd3
Algorimarina butyrica strain AK-B

Tree scale: 0.1 ————

Desulfosarcina sp. BuS5

Seep-SRB1a
Uncultured bacterium MatB0Obac98 GU302433

Seep-SRB1g

Supplemental Figure 6. 16S rRNA phylogeny inferred from maximum-likelihood methods using
only full-length 16S rRNA sequences. Tree topology shown here is congruent with the phylogeny
shown in Figure 3 constructed using a mix of shorter 16S rRNA amplicon and full-length 16S
sequences.
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Supplemental Figure 7. Extended nifH tree including unpublished SEEP-SRB1a MAGs
possessing nifH sequences nearly identical to some recovered in environmental cDNA libraries
(Dekas, et al. 2016).
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Supplemental Figure 8. Representative images for the negative control experiments for visualizing
mRNA expression by HCR-FISH (A-E). Images of ANME-2b—SEEP-SRB1g consortia in the
DAPI, TRITC, FITC, and cy5 channels as well as the composite of images from all the channels,
These images were from an experiment without nifH-targeted initiator probes but with just B1
fluorescent hairpins in order to visualize potential non-specific binding of B1 hairpins (F-J). These
images were from an experiment with nifH-targeted initiator probes but without B1 fluorescent
hairpins in order to visualize the background fluorescence in the samples.
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Correlation between ANME-2b and Seep-1g  Correlation between Seep-1g and nifH Correlation between ANME-2b and nifH
fluorescent signal fluorescent signal fluorescent signal

Pearson’s correlation coefficient, PC=0.661, Pearson’s correlation coefficient, PC=0.893, Pearson’s correlation coefficient, PC=0.837,
p-value-100%, Costes’ method p-value=100%, Costes method p-value =Costes’ method

Manders’ correlation coefficients, after Manders’ correlation coefficients, after Manders’ correlation coefficients, after
thresholding, M1=0.859, M2=0.552 thresholding, M1=0.964, M2=0.733 thresholding, M1=0.805, M2=0.905
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Supplemental Figure 9. Colocalization analysis of HCR-FISH experimental data to investigate
nitrogenase expression by nifH targeted probes. ANME-2b is stained in the cy3 channel, Seep-1g in
the FITC channel and the B1 amplifiers binding nifH initiator probes are visualized in the cy5
channel a. Scatterplots of pixel intensities of the FITC, cy3 and cy5 channel suggest that there is
correlation between the Seep-1g signal and nifH signal, as well as correlation between ANME-2b
and the nifH signal. However, there appears to be more noise in the latter, rather than just a linear
correlation between the ANME-2b and nifH signals. An equally high PC between between Seep-1g
and nifH, and ANME-2b and nifH is suggestive of nifH expression in ANME-2b as well. This is
not an observation that is visually obvious and the lower intensity signal could come from nifH
probes designed to target Seep-1g, binding ANME-2b nifH with lower efficiency. The Manders’
coefficients suggest that almost all of the SEEP-SRB1g cells correlate with nifH signal while the
same is not true of the colocalization of nifH signal with ANME-2b.
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HCR-FISH control experiment: With initiator probes, No amplifier hairpins

Correlation between ANME-2b and Seep-1g  Correlation between Seep-1g and nifH Correlation between ANME-2b and nifH
fluorescent signal fluorescent signal fluorescent signal

Pearson’s correlation coefficient, PC=0.165, Pearson’s correlation coefficient, PC=0.541,  Pearson’s correlation coefficient, PC=0.521,
p-value-100%, Costes’ method p-value=100%, Costes method p-value =Costes’ method

Manders’ correlation coefficients, after Manders’ correlation coefficients, after Manders’ correlation coefficients, after
thresholding, M1=0.022, M2=0.008 thresholding, M1=0.891, M2=0.163 thresholding, M1=0.958, M2=0.39

a. Scatterplots of pixel intensities
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Supplemental Figure 10. Colocalization analysis of HCR-FISH control experiment with initiator
probes and without amplifier hairpins. ANME-2b is stained in the cy3 channel, SEEP-SRB1g in the
FITC channel. No dyes fluorescing in the cy5 channel are present in this experiment a. Scatterplots
of pixel intensities of the FITC, cy3 and cy5 channel suggest there is some bleed through in both the
cy3 and FITC channels.Neither the Pearson’s correlation coefficient which measures covariance
between the channels in proportion to their standard deviation nor Manders’ correlation coefficients
M1 and M2, which better correct for differences in intensity, are high enough to indicate significant
cross-correlation.
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HCR-FISH control experiment: Without initiator probes, with amplifier hairpins

Correlation between ANME-2b and Seep-1g  Correlation between Seep-1g and nifH Correlation between ANME-2b and nifH
fluorescent signal fluorescent signal fluorescent signal

Pearson’s correlation coefficient, PC=0.666, Pearson’s correlation coefficient, PC=0.332, Pearson’s correlation coefficient, PC=0.267,
p-value-100%, Costes’ method p-value=100%, Costes method p-value =Costes’ method

Manders’ correlation coefficients, after Manders’ correlation coefficients, after Manders’ correlation coefficients, after
thresholding, M1=0.801, M2=0.601 thresholding, M1=0.002, M2=0.127 thresholding, M1=0.02, M2=0.221

a. Scatterplots of pixel intensities
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Supplemental Figure 11. Colocalization analysis of HCR-FISH experimental data to investigate
nitrogenase expression by nifH-targeted probes. ANME-2b is stained in the cy3 channel, Seep-1g in
the FITC channel and the B1 amplifiers binding nifH initiator probes are visualized in the cy5
channel.

Supplemental File 1. (not shown) FASTA file containing the translated amino acid sequences for
nifH included in Figure 6 in select ANME and SRB genomes (Chadwick, et al., in prep) and
transcripts [8]. This file is available in a preprint version of this chapter, doi:
10.1101/2020.04.12.038331v1
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Supplemental File 2

import numpy as np

from numpy import ma

import matplotlib

import matplotlib.pyplot as plt
from matplotlib import cm

We hypothesize that preference for ammonium assimilation over nitrogen fixation consumed ammonium diffusing inwards into the ANME-SRB consortia
shown in Figure 8, forcing cells in the consortium interior to fix additional nitrogen from ISNZ to compensate for the decrease in N source from ammonium
uptake. Here, we model ammonium diffusion into an ANME-SRB consortium and simultaneous ammonium assimilation as a classic 1D diffusion problem with
boundary conditions describing continuous input at a fixed location (x = 0) with decay:

where C is the concentration of ammonium at time ¢, D is the diffusivity for dissolved ammonium, and k is the first-order rate constant for ammonium
assimilation.
Solving this differential equation at steady state (%—f =0) gives:
k
C=Cpexp( -1/ =x
0 P( V D )
where C) is the concentration of ammonium in the porewater and thus the concentration at the exterior of the consortium.

Re-arranging to solve for x yields

)

—ln(

Sln

x=

=

In our approach, we explore x(Cp, D) holding C constant at 25 uM, the threshold value of ammonium concentration above which diazotrophy is inhibited in
incubations of methane seep sediments (Dekas, et al. 2018). x(Cp, D) will thus describe the depth within a consortium at which ammonium will be depleted
sufficiently to induce diazotrophy, described in the figure below as 'diazotrophy frontier depth'. We have calculated k = 0.0004-0.0009 hr~! from time-series
measurements of ammonium concentration in methane seep sediment incubations under ammonium-replete (= 25 pM) conditions (Dekas, et al. 2018, Fig. S5,
"Mat-774", "Mat-794").

25
0.0004

x~ 0

We explore a range of C(y between 0.01 and 316 pM, representative of porewater ammonium concentrations measured in situ (Dekas, et al. 2018).
C_0@ = np.logspace(-2, 2.5, 1000)

We use an estimate for the diffusivity of ammonium derived from the literature (Krom and Berner, 1980) of D = 3.5 * 1076 to constrain maximum possible
diffusivity, and explore a range of parameter values for D down to 10! , representing the limitations on diffusion imposed by diffusion between cells within the
consortium. A large range of values for D was employed here to reflect the challenges of measuring this parameter within ANME-SRB consortia.

D = np.logspace(1, 6.7, 1000)

np.zeros( (1000, 1000))

9, d = np.meshgrid(C_o, D)
= -np.log(25/c_@) * 1/np.sqrt(k/d)

c_d
X
X

fig, ax = plt.subplots()

x = ma.masked_where(x <= 0, x)
norm = cm.colors.LogNorm()
cs = ax.contourf(c_o, d, x, 50,

norm = norm)
cbar = fig.colorbar(cs)
plt.xlim(25, c_0.max())
plt.xlabel('Porewater [NH$_4$$7+$] (uM)')
ax.set_yscale('log')
ax.set_xscale('log')
ax.set_xticks([30, 50, 100, 300])
ax.get_xaxis().set_major_formatter(matplotlib.ticker.ScalarFormatter())
plt.ylabel('Diffusivity (pm$72$ h$~A{-1}$)')
cbar.set_label('Diazotrophy frontier depth (um)')
plt.rcParams['figure.figsize'] = [10, 10]
plt.rcParams['font.size'] = 12
plt.show()
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Plotting the results, we see that the depth at which we observe significant 5N incorporation and thus diazotrophic activity in our consortia (1 to 10 um into
consortia, Fig. 8) is possible at diffusivities near that measured for bulk marine sediment (=106 um2 hr‘l) for porewater ammonium concentrations that

approach 25 pm. Thus, the simple model presented here broadly supports our hypothesized mechanism for the observed gradient in diazotrophic activity
presented in Figure 8.

Supplemental File 2. Jupyter Notebook describing the 1D steady-state reaction-diffusion model
calculating the depth inside of an ANME-SRB consortia at which ammonium assimilation depletes
ammonium concentrations below the measured threshold for induction of diazotrophic activity in
methane seep sediments. This file will be available upon publication of this chapter in the ISME
Journal.
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SUPPLEMENTAL MATERIALS AND METHODS

Sample collection

Pushcore samples of seafloor sediment were collected by DSV Alvin during the
May 20-June 11 2017 ROC HITS Expedition (AT37-13) aboard R/V Atlantis (operated
by Woods Hole Oceanographic Institute, Woods Hole, MA, USA) to methane seep sites
southwest of Costa Rica [1-3]. After retrieval from the seafloor, sediment pushcores were
extruded aboard R/V Atlantis and sectioned at 1-3 cm intervals for geochemistry and
microbiological sampling using published protocols [4, 5]. Subsamples for DNA
extraction and microscopy were recovered using sterile cutoff 1 mL syringes (BD,
Franklin Lakes, NJ, USA). Samples of seep carbonates and xenophyophores collected
proximal to seafloor seep sites were also used for DNA extraction. Sediment, seep
carbonate, and xenophyophore samples for DNA extraction were immediately frozen in
liquid N; and stored at -80°C. Samples for microscopy were fixed in a filter-sterile (0.2
um) 3X phosphate-buffered saline solution, pH 7.4 (145 mM NaCl, 1.4 mM NaH,PO,, 8
mM Na,HPOy, Sigma-Aldrich Corporation, St. Louis, MO, USA) with 2%
paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA, USA) for 24 h at 4°C.
Samples were subsequently washed with 1X PBS after centrifugation at 10000xg for 2
min. 1X PBS wash was removed after a second centrifugation and the resulting sediment
pellet was resuspended in a 50:50 solution of ethanol and 1X PBS solution and stored at -

20°C.
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Remaining sediment not used for DNA extraction or microscopy was placed in

Mylar bags with filtered seawater, sparged with Ar, and stored at 4°C after pressurization
to ~2 atm with CHy4. Upon return to the laboratory, Mylar bags were unsealed and
decanted into 1L Pyrex bottles (Corning Life Sciences, Tewksbury, MA, USA) while
being sparged with N,. Bottles were sealed with butyl stoppers and pressurized to ~2 atm
with CHy. These incubations were stored in the dark at 4°C for 1.5 yr before sampling,
with spent media replaced every 3 months with fresh N»-sparged filter-sterilized seawater
and methane. Mud from these incubations was also sampled for FISH and HCR-FISH by
fixation in 4% paraformaldehyde at room temperature for 30 min. A full list of samples

used in this study can be found in Supplementary Table 1.

DNA Extraction and Illumina MiSeq sequencing of 16S rRNA gene

DNA was extracted from 310 samples of Costa Rican methane seep sediments
and seep carbonates (Supp. Table 1) using the Power Soil DNA Isolation Kit 12888
following manufacturer (Qiagen, Germantown, MD, USA) directions modified for
sediment and carbonate samples [4, 6]. The V4-V5 region of the 16S rRNA gene was
amplified using archaeal/bacterial primers [7] with [llumina (San Diego, CA, USA)
adapters on 5’ end (515F: 5’-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-
GTGYCAGCMGCCGCGGTAA-3’, 926R: 5°-
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-

CCGYCAATTYMTTTRAGTTT-3’). PCR reaction mix was set up in duplicate for each
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sample with Q5 Hot Start High-Fidelity 2x Master Mix (New England Biolabs,

Ipswich, MA, USA) in a 15 pL reaction volume according to manufacturer’s directions
with annealing conditions of 54°C for 30 cycles. Duplicate PCR samples were then
pooled and 2.5 puL of each product was barcoded with Illumina NexteraXT index 2
Primers that include unique 8-bp barcodes (P5 5°-
AATGATACGGCGACCACCGAGATCTACAC-XXXXXXXX-
TCGTCGGCAGCGTC-3’ and P7 5’-CAAGCAGAAGACGGCATACGAGAT-
XXXXXXXX-GTCTCGTGGGCTCGG-3"). Amplification with barcoded primers used
the same conditions as above, except for a volume of 25 pL, annealing at 66°C and 10
cycles. Products were purified using Millipore-Sigma (St. Louis, MO, USA) MultiScreen
Plate MSNUO03010 with vacuum manifold and quantified using ThermoFisherScientific
(Waltham, MA, USA) QuantIT PicoGreen dsDNA Assay Kit P11496 on the BioRad
CFX96 Touch Real-Time PCR Detection System. Barcoded samples were combined in
equimolar amounts into single tube and purified with Qiagen PCR Purification Kit 28104
before submission to Laragen (Culver City, CA, USA) for 2 x 250 bp paired end analysis

on [llumina’s MiSeq platform with PhiX addition of 15-20%.

Processing of 16S rRNA gene MiSeq sequences

Sequence data were processed in QIIME version 1.8.0 [8] following Mason, et al.
2015 [9]. Raw sequence pairs were joined and quality-trimmed using the default

parameters in QIIME. Sequences were clustered into de novo operational taxonomic units
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(OTUs) with 99% similarity using UCLUST open reference clustering protocol and the

most abundant sequence was chosen as representative for each de novo OTU [10].
Taxonomic identification for each representative sequence was assigned using the Silva-
119 database [11] clustered at 99% similarity. This SILVA database had been appended
with 1,197 in-house high-quality, methane seep-derived bacterial and archaeal full-length
16S rRNA sequences. Any sequences with pintail values > 75 were removed. The
modified SILVA database is available upon request from the corresponding authors.
Further taxonomic assignment of OTUs assigned to the SEEP-SRBI1 clade was
performed by aligning these 411 bp amplicon sequences to the Silva 119 database in
ARB [12] and construction of a phylogenetic tree from full-length and amplicon 16S
rRNA sequences of SEEP-SRB1 and sister clades to delineate SEEP-SRB1 subgroups
[13]. Known contaminants in PCR reagents as determined by analysis of negative
controls run with each MiSeq set were also removed [14] along with rare OTUs not

present in any given library at a level of at least 10 reads.

Correlation analysis of 16S rRNA amplicon libraries

A QIIME-produced table of OTUs detected in the 310 methane seep sediment and
seep carbonate amplicon libraries was further analyzed using the correlation algorithm
SparCC [15]. A bash shell script (sparccWrapper.sh, written by Karoline Faust) was used
to call SparCC Python scripts SparCC.py, MakeBootstraps.py, and PseudoPvals.py. First,

SparCC.py calculated correlations between OTUs. MakeBootstraps.py then produced 100
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shuffled OTU tables by random sampling from the real data with replacement and

SparCC.py was used to calculate correlations in each of these 100 shuffled OTU tables.
Finally, PseudoPvals.py calculated pseudo-p values for OTU correlations in the real
dataset by comparison to correlations calculated in the shuffled OTU tables. As described
by Friedman and Alm, 2012 [15], pseudo-p-values represent the fraction of correlation
coefficients for a given pair of OTUs calculated from the 100 shuffled datasets that are
greater than that calculated from the real datasets. Thus, a pseudo-p-values < 0.01 for a
given pair of OTUs indicates that no correlation coefficient from any given shuffled
dataset was greater than that calculated from our real data. Subsequent analysis of the
produced tables describing magnitude and significance for OTU correlations was
performed in R versions 3.3.3 and 3.5.0 [16], using visualization packages igraph [17],
circlize [18], ggplot2 [19], and RColorBrewer [20]. In this study, only positive
correlations (correlation coefficient > 0) between OTUs were used to examine potential
ANME-SRB pairings. Analysis of cohesive blocks of OTUs (represented as nodes) in a
force-directed network diagram [17, 21, 22] calculated from a filtered table of OTU

correlations was interpreted to generate hypotheses of ANME-SRB pairings.

Phylogenetic analysis of 16S rRNA amplicon sequences

To examine phylogenetic placement of SRB 16S rRNA gene amplicon sequences
predicted by network analysis to associate with particular ANME subgroup amplicon

sequences, a phylogeny was constructed using RAXML-HPC [23] on XSEDE [24] using
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the CIPRES Science Gateway [25] from full-length 16S rRNA sequences of

Deltaproteobacteria aligned by MUSCLE [26]. Although amplicon sequences contain
significantly less information than full-length 16S rRNA sequences, they were used in
phylogeny construction to allow direct comparison between amplicon and full length 16S
sequences. 16S rRNA sequences were sourced from NCBI for published full-length 16S
sequences [27], from 99% consensus OTU sequences produced by QIIME from amplicon
libraries prepared from methane seep sediments (this work) and from genome contig files
downloaded from the US Department of Energy Joint Genome Institute’s Integrated
Microbial Genomes and Microbiomes (IMG/M) [72] of individual ANME-SRB consortia
isolated by fluorescence-activated cell sorting of BONCAT-labeled consortia (BONCAT-
FACS [27]). The latter was acquired either by direct download of 16S rRNA genes
detected in genome bins or by tblastn (e-value < 1"'°) searches of genome contig files
using the 16S rRNA sequence from genome Desulfosarcina sp. BuS5 (IMG Genome ID
2513237157), closely related to known SEEP-SRB1a [28], as query. RAXML was run in
parallel using raxmlHPC-HYBRID with the following settings: 100 bootstraps, 25
distinct rate categories, bootstrapping model GTRCAT, rapid bootstrapping, random seed
for parsimony and for rapid bootstrapping set to 12345, and the Lewis ascertainment bias
correction (called as raxmIHPC-HYBRID -T 4 -n result -s infile.txt -c 25 -m GTRCAT -p
12345 -k -fa -N 100 -x 12345 --asc-corr lewis). The resulting tree was exported and

visualized using iTOL [29].



FISH probe design for new ANME-associated SRB group SEEP-SRB1g :

A new FISH probe was designed in ARB using a modified version of the Silva
132 database (available on request). This new probe, named S-F-SP1g-1443-a-A-23
following published conventions [30] and hereafter referred to as Seeplg-1443 (5°-
CCTCTCGCATAAAGCGAGTTAGC-3’, Supp. Table 2), was designed to complement
and target 16S rRNA sequences in a monophyletic “Desulfococcus sp.” clade, which,
based on phylogenetic analysis (see below), was renamed SEEP-SRB1g. Seeplg-1443
was ordered from Integrated DNA Technologies (Coralville, IA, USA) with fluor-dye
Alexa488 attached to the 5’ end, prepared for use by dilution to 50 ng/uL, and frozen at -
20°C. FISH reaction conditions were optimized for Seeplg-1443 by performing a series
of FISH reactions at a range of formamide concentrations between 20% to 45% vol/vol.
In this range, signal was specific to the SRB partner with little observed cross-

hybridization; optimal intensity and specificity at 35% (Supp. Fig. 1).

FISH sediment sample preparation and imaging

FISH and hybridization chain reaction (HCR-) FISH was performed on
paraformaldehyde-fixed samples ANME-SRB consortia extracted from Costa Rican
methane seep sediments using previously published density separation and FISH
protocols [31]. Two samples of fixed sediment with abundant 16S iTAG amplicon reads
of ANME-2a and -2b (sample 9279) or ANME-2c and -2b (sample 9112) were prepared

for downstream FISH labeling and microscopy (Supp. Fig. 2). For each sample, 50 pL of



88
fixed sediment was diluted with 950 pL 0.2 pm filter-sterilized 1X PBS in a 2 mL

Eppendorf tube. After cooling for 10 min on ice, the diluted sediment was sonicated
using a Branson Sonifier 150 (Branson Ultrasonics Corporation, Danbury, CT, USA).
Sonication was performed with three 10 s pulses of the sonicator, set at 4 W output, with
10 s intervals between pulses. The 1 mL of sonicated sediment slurry was then pipetted
onto 500 uL of Percoll (Sigma-Aldrich) and centrifuged at 16100 x G for 20 min at 4°C.
The supernatant with consortia was recovered and pipetted into 250 mL filter-sterile 1X
PBS in a filter tower. This solution was filtered through a 5 um polyethersulfone (PES)
filter until ~50 mL solution remained in the tower. The filter was then washed with 200
mL 1X PBS while on the filter tower. Washing the remaining sample was repeated three
times, with the final filtration step yielding a 1 mL aliquot. This ImL aliquot was slowly
concentrated onto a 0.2 um GTTP white polycarbonate filter (Millipore-Sigma), keeping
the filtered sample within a circular area of 0.5 mm-diameter. This area of the filter was

then cut out with a razor blade and placed in a 250 pL PCR tube for FISH labeling.

FISH was performed overnight (18 hr) using the following modifications (G.
Chadwick, pers. comm.) to previously-published protocols [27, 32]. A hybridization
buffer at appropriate stringency was prepared along with accompanying wash buffer [33,
34] and pre-warmed to 46°C and 48°C in a hybridization oven and a water bath,
respectively. 5 uL each of FISH probe stocks (50 ng/uL) Seeplg-1443 (this work),
Seepla-1441 [13], ANME-2a-828 (M. Aoki, pers. comm., 5’-
GGTCGCACCGTGTCTGACACCT-3"), ANME-2b-729 [27], and ANME-2¢c-760 [35].

Four FISH experiments were performed, in which 5 pL each of 3 FISH probe stocks (at
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concentration 50 ng/uL) were added to 35 pL hybridization buffer in 200 uL. PCR

tubes along with the filter sections. Two experiments were performed at 20% formamide
stringency on sample 9279, both using Seep1g-1443 (Alexa488) and Seepla-1441 (cy5),
and ether ANME-2b-729 (cy3) or ANME-2a-828 (cy3). Two similar experiments were
performed at 45% formamide stringency on sample 9112 using instead either ANME-2b-
729 (cy3) or ANME-2¢-760 (cy3) and both Seeplg-1443 (Alexa488) and Seepla-1441
(cy5). After 18 hr hybridization, filters were removed and incubated for 20 min at 48°C in
200 pL wash buffer. Filter sections were then removed and briefly dipped in deionized
water and placed on Superfrost Plus slides (Thermo Fischer Scientific, Waltham, MA,
USA) to dry at room temperature in the dark. 10 uL 4,6-diamidino-2-phenylindole
(DAPI, Sigma-Aldrich) dissolved in Citifluor (Electron Microscopy Sciences) was
applied to filter sections and left to incubate for 15 min in the dark. A cover slip (No. 1.5,

VWR, Radnor, PA, USA) was then placed on each filter.

Structured-illumination microscopy (SIM) was performed on FISH and HCR-
FISH (see below) experiments to image ANME-SRB consortia at resolutions beyond that
of traditional microscopy. After Immersol 518F immersion oil (Zeiss, Jena, Germany)
was placed onto sample cover slips, FISH-labeled samples were examined using a Zeiss
Elyra PS.1 SIM platform. Samples illuminated by Elyra laser lines (405 nm, 488 nm, 561
nm, 642 nm) and viewed through an alpha Plan-APOCHROMAT 100X/1.46 Oil DIC
M27 objective and filter set (BP420-480+LP750, BP495-550+LP750, BP570-

620+LP750, LP655) were imaged using a pco.edge sCMOS camera (PCO, Kelheim,
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Germany). Zen Black software (Zeiss) was used to construct final images from

structured-illumination data.

Imaging of nifH mRNA by HCR-FISH

Hybridization chain reaction FISH (HCR-FISH) is a powerful technique to
amplify signal from bound FISH probes by inducing polymerization of additional
fluorophores to the bound probes [36, 37]. The protocol was modified from Yamaguchi
and coworkers [38] and adapted to use lower probe concentrations (50 nM vs. 500 nM)
and amplifier (300 nM) concentrations. In contrast to the published protocol, here, HCR-
FISH was performed on white polycarbonate filters rather than directly on glass slides.
HCR-FISH was performed using the same filter preparation protocol described above.
This hybridization mix also included 5 pL each of 16S rRNA-targeted FISH probes
Seeplg-1443 and ANME-2b-729 and a mix of HCR-FISH initiator probes (final
concentration 50 nM) in the modified hybridization buffer (35% formamide stringency:
40 uL of IM TRIS at pH 8, 360 pL of 5M NaCL, 10 pL of 10% SDS, 700 uL of 100%
formamide, 400 pL of 50% dextran sulfate, 4 uL. of 50X Denhardt’s Solution, 486 pL of
deionized water) designed to target SEEP-SRB1g nifH mRNA transcripts (Supp. Table
2). After 18 hr hybridization at 46°C, filters were removed and placed in 200 uLL wash
buffer (4 uL IM pH 8 TRIS, 3.2 uL. 5SM NaCl, 1 uL 10% SDS, 191.8 pL deionized
water). Immediately after, an amplification buffer solution was prepared (200 uL 0.5 M

NaH,POy4, 360 pL 5M NaCl, 2 uL 10% SDS, 400 pL 50% dextran sulfate, 4 pL 50X
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Denhardt’s Solution, 1034 pL deionized water). 5 uL each of hairpins BIH1 and B1H2

(3 uM stock) with attached Alexa647 fluorophores (Molecular Technologies, Pasadena,
CA, USA) were added separately to two 45 uL volumes of amplification buffer in PCR
tubes and snap cooled by placement in a C1000 Touch Thermal Cycler (BioRad,
Hercules, CA, USA) for 3 min at 95°C. Hairpins in amplification buffer were then left to
cool at room temperature for 30 min. After the elapsed time, hairpins in amplification
buffer were mixed and placed in PCR tubes. Filters were removed from wash buffer and
placed in the mixed amplification buffer, and amplification was performed by placement
of PCR tubes in a 35°C water bath. After 15 min, filters were removed and placed into
pre-chilled 1X PBS at 4°C for 10 min. Filters were then removed and dipped in deionized
water briefly before placement on Superfrost Plus slides to dry at room temperature in the
dark. 10 pL DAPI in Citifluor was applied and No. 1.5 VWR coverslips were placed on
filters. The HCR-FISH reaction with nifH probes was also performed in accordance with
published protocols [39]. HCR-FISH v3.0 uses a different buffer system and longer
incubation times during hybridization and amplification stages of the protocol but we

observed similar results with both protocols.

Comparative genomics of SEEP-SRB1g

Genomes downloaded from the IMG/M database were searched using tblastn (e-
value<1™'’) for sequences matching reference NifD (NCBI Accession WP012698833),

NifK (WP012698832), AprA (WP027353074), and DsrB (WP027352568) sequences. A
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reference sequence for chlorophyllide reductase BchX (WP011566468) was used as a

reference sequence for a tblastn nifH search using BLAST+ on the command line [40].
The nifH search also included a set of cDNA sequences cloned from methane seep
sediments using primers specific to nifH [40]. Phylogenetic trees of MUSCLE-aligned
tblastn hits were calculated using RAXML on XSEDE through the CIPRES Science
Gateway, using the following settings for RAXML: raxmlHPC-HYBRID 8.2.12 comet -
n result -s infile.txt -c 25 -p 12345 -m PROTCATDAYHOFF -k -fa -N 100 -x 12345 --

asc-corr lewis. Output was viewed in iTOL.

Genome trees were constructed using the Anvi’o platform [41] using HMM
profiles from a subset of sequences from Campbell, et al. [42] consisting of only
ribosomal proteins. HMM hits to these profiles were then concatenated, aligned in
MUSCLE, and used as input in RAXML to generate genome trees (called with identical

settings as those for individual gene trees).

Stable isotope probing incubations with N,

Incubated Costa Rica methane seep sediments from samples with abundant
ANME-2b and SEEP-SRBI1g (Supp. Fig. 4) were maintained in the laboratory under
conditions supporting AOM and subsequently subsampled to test for diazotrophic activity
in SEEP-SRB1g by stable isotope probing (SIP). SIP incubations (Supp. Table 3) were
prepared by sparging source bottles and 30 mL serum bottles with N, and mixing 5 mL of

sediment with 5 mL N,-sparged artificial seawater without a N source (per L, 9.474 g
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MgCl, * 61,0, 0.2 g CaCl, * 2H,0, 26.7 g NaCl, 0.522 g KC1, 1.42 g Na;SO4, 0.174 g

K,HPO,4, 1 mL L1 trace elements solution, 100 mL 250 mM pH 7.5 HEPES, 5 mL 1M
NaHCO3, from a published medium composition [43]). Bottles were capped with butyl
stoppers and overpressurized with CH4. Over the course of three days, 9 mL of artificial
seawater supernatant was removed and replaced with 9 mL additional artificial seawater
to remove residual NHy' ,q). After pressurization to 2.8 bar CHy, two incubations were
further pressurized with 1.2 mL "°N; at 1 bar, approximately equivalent to 2% headspace
in 20 mL CHj, at 2.8 bar. Two positive control incubations were inoculated with 20 pL
500 mM "“NH,CI (""NH4CI/NH4CI = 0.1) and were further pressurized with 1.2 mL
natural-abundance N at 1 bar. Incubations were sampled for microbial community
analysis and geochemistry and refreshed every 3 months and samples for nanoSIMS were
recovered after 9 months. Sulfate reduction activity was assayed using the published

protocols [44].

FISH-NanoSIMS

Incubations were sampled for FISH-nanoSIMS [45] following fixation procedures
described above. After fixation and Percoll separation, samples were embedded in 3%
Difco Noble Agar (BD, USA) on a 5 um polycarbonate filter, peeled off, dehydrated in
an ethanol series, and embedded using Technovit H8100 Embedding kit (Kulzer GmbH,
Wehrheim, Germany). 2 um thin sections were cut using an Ultracut E microtome

(Reichert AG, Wein, Austria) and mounted on Teflon/poly-L-lysine slides (Tekdon Inc.,
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FL, USA) by placement on 50 uL. H,O. FISH reactions were performed using Seeplg-

1443 and ANME-2b-729 probes as described above, with the omission of 10% SDS to
prevent detachment of section from slide (G. Chadwick, pers. comm.), and slides were
imaged using a Zeiss Elyra PS.1 platform. After removal of DAPI-Citifuor by washing,
slides were cut to fit into nanoSIMS sample holders and sputter-coated with 40 nm Au
using a Cressington sputter coater. Spatially-resolved secondary-ion mass spectroscopy
was then performed on sectioned ANME-SRB consortia using a Cameca NanoSIMS 50L
housed in Caltech’s Microanalysis Center. Pre-sputtering of samples was performed
using a 1 nA Cs" ion beam until ">C"°N" ion counts stabilized. 512 x 512 pixel raster
images of 20 um2 were then collected for '2C, %07, 2C'*N™, "'N'?C", 2Si, and **S™ ions
by sputtering with a ~1 pA primary Cs' ion beam current with a dwell time of 12-48
ms/pixel. Mass calibration was performed once an hour for all masses. NanoSIMS data
were processed using look@nanoSIMS [46] to determine "°N fractional abundance,
PN/(PN+N). Regions of interest (ROIs) for ANME-2b and SEEP-SRB1g in consortia
were drawn with Adobe Draw using secondary electron images of sectioned consortia
compared with FISH images of the same section collected prior to nanoSIMS. ROIs
annotated as ANME-2b or SEEP-SRB1g were then used as input for a MATLAB script

used to extract '°N fractional abundance from ROIs.
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Chapter 2

MINERAL-ASSOCIATED MICROBIAL ECOLOGY OF METHANE SEEP
SEDIMENTS INVESTIGATED BY DENSITY SEPARATION

Kyle S. Metcalfe and Victoria J. Orphan

Division of Geological and Planetary Sciences,
California Institute of Technology, Pasadena, California, 91125

ABSTRACT

Minerals host subseafloor microbiomes, but it remains unknown if certain minerals provide
niches for certain microbial taxa. Recent work has demonstrated that conductive minerals in
particular may provide important conduits for extracellular electron transfer, a process central to the
physiology of many syntrophic microorganisms that inhabit seafloor sediments. Multicellular
consortia of anaerobic methanotrophic archaca (ANME) and partner sulfate-reducing bacteria
(SRB) are a prominent example of syntrophic EET in marine sediments, but little is known about
the extent to which these consortia associate with conductive minerals in situ. Here, we report the
optimization of a heavy-liquids separation protocol and results from its application to methane seep
sediment samples, which revealed preferential association between members of the ANME-3 and
magnetite and/or pyrite mineral surfaces. We further demonstrate the capacity for this new protocol

to improve detection of ecological interactions between microbial taxa.
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INTRODUCTION

Marine sediments comprise one of Earth’s most energy-poor biomes. High-energy
electron acceptors such as oxygen or nitrate diffusing downward into seafloor sediments
from an aerobic water column are rapidly consumed by respiring microorganisms that
inhabit sediments near the sediment-water interface (Froelich et al., 1979; Van Cappellen
and Wang, 1996). In the subsurface biosphere, the presence of a mineral matrix reduces the
rate at which electron acceptors can be replenished by diffusion or advection as occurs in
the water column, leaving many subsurface microbial communities reliant upon lower-
energy electron acceptors to survive (Kallmeyer et al., 2012; Bowles et al., 2014). Organic
carbon deposited on the seafloor provdes an abundant source of electrons for microbial
communities buried in seafloor sediment, which in most coastal environments exceeds the
supply of high-potential electron donors such as oxygen and nitrate (Jorgensen, 2000). The
energetic challenge posed by this excess of electron donor is particularily acute in
sediments proximal to seafloor methane seeps, where highly reducing, methane-charged
fluid advects upwards from depth, inducing anoxia in sediment pore water within as little

as a few millimeters beneath the sediment-water interface (Griinke et al., 2012).

The selective pressure imposed on microorganisms inhabiting highly reducing
subseafloor environments has driven the evolution of adaptations that exploit diverse and
unique electron acceptors or employ biochemical mechanisms of extracellular electron
transfer (EET). Among these are sulfate ions as well as insoluble iron and manganese
oxyhydroxides/oxides (Froelich et al., 1979; Van Cappellen and Wang, 1996) and humic

substances (Lovley et al., 1996). Fe- or Mn-reducing microorganisms must pass electrons
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to an insoluble acceptor, presenting a physiological challenge in which the acceptor

cannot be transported into the cell (Lovley, 1991), requiring these microorganisms to
perform EET. EET is also thought to facilitate energy-poor syntrophic metabolisms
important in the marine subsurface, such as the anaerobic oxidation of methane (AOM,
(McGlynn et al., 2015; Wegener et al., 2015)), in which anaerobic methanotrophic archaea
(ANME) couple methane oxidation to sulfate reduction in a syntrophic partnership with
sulfate-reducing bacteria (SRB, (Boetius et al., 2000; Orphan et al., 2001b)). EET can
facilitate both syntrophic partnerships and reduction of insoluble electron acceptors, in
some instances in the same metabolism, such as the reduction of iron and manganese
oxides during AOM syntrophy (Beal et al., 2009). Several biochemical mechanisms for
EET to insoluble electron acceptors and/or syntrophic partners have been proposed,
including conductive pili (El-Naggar et al., 2010; Summers et al., 2010; Pfeffer et al.,
2012), cytochromes (McGlynn et al., 2015; Skennerton et al., 2017), and/or electron
shuttles (Marsili et al., 2008; Scheller et al., 2016). EET through conductive pili and/or
cytochromes requires direct physical contact with insoluble electron acceptors or
syntrophic partners, and thus can be significantly influenced by the substrates to which

cells employing EET are attached (Lovley, 2017).

Defining the inorganic matrix within which the marine subsurface microbiome is
embedded, minerals hinder the diffusion of high-energy electron acceptors into the
subsurface microbiome but also my provide conduits for EET to some sediment-dwelling
microorganisms. Semiconductive minerals such as hematite (Fe,Os3), magnetite (Fe;Os),

greigite (FesSs), and pyrite (FeS,) are mineral components of marine sediments and are
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increasingly considered ecologically important for sediment-dwelling microorganisms

(Rowe et al., 2015; Shi et al., 2016) by facilitating EET to mineral electron acceptors (Liu
et al., 2015) and/or syntrophic partners (Kato et al., 2012b, 2012a; Li et al., 2015; Liu et al.,
2015; Tang et al., 2016; Rotaru et al., 2018). The stimulation of syntrophic EET by
magnetite specifically has been repeatedly demonstrated in cultured and uncultured
microorganisms. Syntrophic acetoclastic methanogenesis, an important but
underappreciated methanogenic process in seafloor sediments (Beulig et al., 2018), has
been shown to be stimulated by magnetite amendments in incubations of rice paddy soil
(Kato et al., 2012a) or marine sediments (Rotaru et al., 2018), by increasing the rate of EET
between Geobacter sp. and Methanosarcina sp. partners. Defined Geobacter
metallireducens/Methanosarcina barkeri co-cultures have corroborated these observations
(Tang et al., 2016), and other studies have shown that magnetite stimulates syntrophic
oxidation of acetate by nitrate in Geobacter sulfurreducens/Thiobacillus denitrificans co-
cultures (Kato et al., 2012b) and syntrophic oxidation of ethanol by fumarate in G.
metallireducens/G. sulfurreducens co-cultures (Liu et al., 2015). It remains unknown,
however, if related microorganisms or other syntrophs such as ANME-SRB consortia
associate physically with conductive minerals in situ in methane seep sediments, where
syntrophic EET modulates the flux of methane to the sediment-water interface (Reeburgh,

2007; Knittel and Boetius, 2009).

We sought to uncover in situ associations between microbial taxa and conductive
minerals in marine sediments, targeting methane seep sediments—habitats for syntrophic

microorganisms that are also rich in conductive minerals— as source material. In these
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sediments, syntrophic ANME-SRB consortia perform AOM, and in so doing mediate

the precipitation of authigenic carbonate (Aloisi et al., 2000; Luff and Wallmann, 2003;
Naehr et al., 2007) and iron sulfide minerals. Of these, iron sulfide minerals such as pyrite
(FeS,) and pyrrhotite (Fe(-xS, x = 0 — 0.2) are of particular interest, given their conductive
nature (Sato and Mooney, 1960) and thus their potential involvement in microbial EET.
Pyrite in particular is found in abundance at the SMTZ, the interface between sulfate-rich
and methane-rich porewaters (Garming et al., 2005; Riedinger et al., 2005; Mérz et al.,
2008; Shi et al., 2017) where AOM rates are highest, precipitating from reaction of sulfide
produced by AOM with dissolved Fe** or with detrital iron oxides (e.g. hematite,
magnetite) present in seep sediments (Roberts, 2015). We focused on methane seep
sediments, given their abundance of conductive minerals and syntrophic ANME-SRB
consortia, to explore potential interactions between syntrophic EET and conductive

minerals.

Here, we present methods we optimized to separate minerals in marine sediments
by density and the insights into mineral-associated microbial ecology obtained from our
methods building on previous work by Harrison and Orphan (Harrison and Orphan, 2012).
The dense nature of conductive minerals such as pyrite and magnetite (p >> 2.9 g/cc)
relative to the silicate clays (p = 2.0 — 2.5 g/cc) that comprise most of marine sediments by
mass enables separation based on mass. Carbonate minerals are also somewhat more dense
than silicate clays (2.4 < p <2.9 g/cc), allowing for their separation from bulk sediments.
Although not the focus of the current study, microbially-mediated carbonate precipitation is

an important process in methane seep sediments, where it is responsible for the
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emplacement of large authigenic carbonate edifices and extensive pavements (Treude et

al., 2007; Marlow et al., 2014; Case et al., 2015), and thus we designed our protocol to also
separate carbonate minerals out of sediments. We obtained several density-separated
fractions of methane seep sediment samples, and applied next-generation 16S rRNA
amplicon sequencing (Degnan and Ochman, 2012) to these fractions to profile the
microbial communities present in each minerallogically-distinct fraction (Fig. 1). This
work revealed a novel association between members of a clade of anaerobic
methanotrophic archaea termed ANME-3 and a dense sediment fraction enriched in pyrite
and magnetite as well as trace clay minerals. We further hypothesize from correlation
analysis that ANME-3 form a novel partership with SEEP-SRB1c, potentially co-

associating on the surfaces of the conductive minerals magnetite and pyrite.

MATERIALS AND METHODS

Density Separation Using Sodium Metatungstate

To separate minerals in methane seep sediments, we used heavy-liquids initially
based upon previously- published methods (Harrison and Orphan, 2012). We used sodium
metatungstate hydrate (NagW 2039 - xH,0) given its non-toxic nature and the high
densities that solutions of sodium metatungstate (SMT) can achieve without reaching
saturation (up to ~3.1 g/mL). SMT and the related compound sodium polytungstate have

previously been used to partition marine sediments by density to extract cells from
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sediment (Morono et al., 2013) and to isolate mineralogically-distinct density fractions

(Harrison and Orphan, 2012). Here we present further development of these techniques to

Density Separation DNA Extraction, Community Analysis
Amplification,
tungstate Sequencing
p=299g/mL Associated w/

» bulk sediment » '.)

o > 2.9 g/cm3
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20 min
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1
¥
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Figure 1. Schematic depiction of heavy-liquids mineral separation for mineral-associated microbial
ecology. Density separation using sodium metatungstate recovered mineralogically-distinct density
fractions (demonstrated using XRD and FTIR) from which DNA was extracted and sequenced
using high-throughput platforms. Downstream community analysis revealed taxa associated with
particular minerals and amplifies correlations between taxa co-associating on mineral surfaces.

increase the mineralogical purity and reproducability of density fractions, as assayed by x-
ray diffractometry (XRD) and fourier transform infrared spectroscopy (FTIR), and to
prepare density fractions for downstream microbial community profiling by 16S rRNA
amplicon sequencing using an [llumina platform. The density separation technique is

presented in detail for ease of future application of this technique:
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Density Separation Protocol

250 g SMT powder (Sigma-Aldrich #377341) was mixed with deionized water at a
ratio of 250 g/55.0 mL in a 100 mL beaker with a stir bar. To increase the rate of SMT
dissolution, this beaker was placed on a hot plate at 50° C for 1 hr. Higher temperatures
decompose SMT.

When all SMT was dissolved, SMT was sterilized using a 0.2 um filter flask. The
filtrate SMT was decanted into sterile 60 mL serum vials sealed with butyl stoppers.

SMT in serum vials was placed under UV-C light (254 nm wavelength) for 2 hr to
remove DNA contamination. 125 mL filter-sterile (0.2 um) DI water was
simultaneously UV sterilized.

. After UV irradiation, butyl stoppers were removed and serum vials placed on scales to

measure SMT density, target density p = 2.9 g/mL. 1 mL SMT was removed with a
sterile 2 mL pipette and the mass deficit measured for the serum vial used to estimate
SMT density. After density measurement, SMT was pipetted back into the serum vial
and pipette was discarded. If density was too high, appropriate volume of DI was
added, using this formula:

Pr — Po
W=V0 !

pw_pf

where V,, is the volume of added to SMT, V) is the current volume of SMT, p¢= 2.9
g/mL, p; is the measured current density of SMT, and pw = 1 g/mL. If density was too
low, SMT decanted into clean nonsterile beaker for evaporative densification (see step
23 below), followed by resterilization and density measurement (repeat steps 2-4).

With p =2.9 g/mL achieved, SMT was decanted into 6 sterile 5 mL Eppendorf Tubes®
(Cat. No. 0030119401), with 4 mL SMT into each tube.

Remaining SMT was diluted with filter- and UV-sterile DI from step 3 to achieve p =
1.5 g/mL, volume determined by use of formula above.

. A~ 10 mL sample of methane seep sediment slurry were extracted from incubations

while maintaining anaerobic conditions in incubations, and placed in two 50 mL Falcon
centrifuge tubes.

Samples were centrifuged for 10 min at 2000x g in a Beckman-Coulter Allegra X-14
set to room temperature. After centrifugation, supernatant was either frozen
immediately at -20 “C for downstream DNA extraction or discarded. Dissolved calcium
readily reacts with SMT to form insoluble precipitates that cannot be recovered
(Krukowski, 1988), and therefore caution should be taken to avoid any contact between
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seawater and SMT solution. Dissolved sulfides can also reduce tungstate, producing

a blue solution, which can be remedied by re-oxidation of the solution using H,O,
(Krukowski, 1988).

Pellets were mixed with SMT w/ p = 1.5 g/mL in a slurry at a ratio of 1 mL sediment
per 2mL p = 1.5 g/mL SMT. Samples were vortexed and shaken to produce a slurry.

10 x 1 mL of SMT-sediment slurry was sampled into 2 mL tubes for downstream DNA
extraction, constituting samples of the ‘bulk’ sediment, effectively control samples for
use in downstream community analysis. Exposure to 1.5 g/mL. SMT was important for
these control samples, as SMT can interact with downstream PCR (Harrison and
Orphan, 2012).

Samples of SMT-sediment slurry were diluted with nonsterile DI and pelleted by
centrifugation for 30 s at 10000% g. Supernatant was decanted into a 500 mL Pyrex
bottle used later to recycle SMT (steps 22-23).

The following wash steps were performed simultaneously with step 13 below. Three
washes of the pellets were then performed by addition of 1.5 mL 1X PBS to tubes and
repeated centrifugation at 10000% g for 30 s. After washing, samples were frozen at
-20°C for DNA extraction, fixed for 1 hr in 2% paraformaldahyde (PFA) at RT for
FISH, or washed in DI and air dried for mineralogical analysis. PFA-fixed samples
were washed 3 times with 1X PBS after fixing and resuspended in 1:1 1X PBS:EtOH
and stored at -20° C.

1 mL of SMT-sediment slurry was overlain on the 4 mL p = 2.9 g/mL SMT added to
each 5 mL tube.

Density separation was then performed by centrifugation using a Beckman-Coulter
Allegra X-14 at 2000 g for 2 min at RT. 2 min was determined as a sufficient
centrifugation time that maximizes the proportion of pelleted material while
minimizing time of exposure of microorganisms to SMT solution (Supp. Fig. 1).

Supernatant sediment, forming a cohesive layer, was pipetted out of 5 mL tubes and
into new sterile 5 mL tubes using a 5000 pL pipette, with the first 5 mm of the pipette
tip cut off using a razor blade. This modification enables removal of the cohesive layer
without perturbing the density gradient, improving the reproducability and
mineralogical purity of the separation.

After the cohesive layer is pipetted into new 5 mL tubes, the remaining SMT solution
was pipetted out of the original tubes and into the new tubes along with the cohesive
layer, taking care to not disturbe the pellet in the original tubes.

1 mL filter- and UV-sterilized DI was then added to each of the new tubes, which
diluted the SMT to p = 2.4 g/mL.
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18. Simultaneously, the new tubes with SMT p = 2.4 g/mL were centrifuged as in step
14 and the original tubes (containing pellets w/ p > 2.9 g/cc) were washed and frozen
following step 12, with the modification that samples were pooled in one 2 mL tube.

19. After centrifugation, supernatant sediment in new tubes with SMT p =2.4 g/mL
(sediment fraction with 2.4 g/cc < p <2.9 g/cc) were removed by 5000 pL pipette as in
step 15 and pipetted into 2 mL tubes for subsequent washing as in step 12.

20. At the same time, pelleted material (p < 2.4 g/cc) was carefully pipetted out into 2 mL
tubes for washing following step 12.

21. Remaining SMT and contaminating sediment was decanted into the 500 mL Pyrex
bottle to be used for SMT recycling.

22. SMT recycling was performed by decanting sediment-contaminated SMT along with
the remaining 1.5 g/mL SMT from step 6 into the 0.2 um filter flask used in step 2.

23. After vacuum filtration, SMT filtrate p = 2.4 g/mL was densified by evaporation, by
decanting filtrate into a 500 mL Pyrex bottle with stir bar placed on a hot plate set to
50° C. Densification then proceeded for the next ~4 hr by evaporation, assisted by flow
of compressed air passed through a 0.2 pm filter at the end of a hose directed into the
Pyrex bottle. Subsamples were taken every ~1 hr to track SMT density by pipetting out
I mL SMT into 1 mL nonsterile DI in a weighed 2 mL tube, taking care to pipette up
and down several times into DI to ensure all SMT was successfully pipetted out. The 2
mL tube was then weighed to assay SMT density.

24. After SMT was successfully redensified to p = 2.9 g/mL, filter and UV sterilization
was performed as in steps 2-3. SMT can be recycled many times but the formation of

insoluble calcium tungstate will eventually remove enough tungstate to require
purchase of new SMT powder.

Application of this protocol to incubations of methane seep sediment maintained
under AOM conditions in the laboratory (see below) yielded three density fractions, the
bulk sediment control, and the porewater fraction from initial centrifugation of sediment
samples. For each sediment sample, seven replicate separations were performed for
statistical robustness in downstream community analysis. Fractions from five of the

separations were frozen at -20°C for DNA extraction, fractions from the fourth separation
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were not frozen but washed in DI and dried for mineralogical analysis, and fractions

from the fifth separation was fixed for 1 hr with 2% PFA. Every separation yielded 2
replicate samples in each fraction. Thus, the five replicate separations for downstream
DNA extraction yielded dense (p > 2.9 g/cc, n =5), intermediate (2.4 < p <2.9 g/cc, n =
10), and light (p < 2.4 g/cc, n = 10) fractions as well as samples of the bulk control (n =
10). Only 5 samples of the dense fraction were acquired as the small mass of dense

minerals in these samples required pooling for successful PCR amplification.

Sample Collection, Processing, and Incubation

Sediment samples analyzed in this study were collected by push core using the
ROV Doc Ricketts of the R/V Western Flyer during a cruise in October 2013 and the ROV
JASON 11 of the R/V Atlantis in September 2011 (AT18-10) to seafloor methane seep sites
in Santa Monica Basin, California, and Hydrate Ridge North, Oregon, respectively. Push
core (PC) samples were recovered from seafloor methane seep sites in Santa Monica Basin
(PC-KD: 33.640056, -118.800278, 898 mbsl) and Hydrate Ridge North (sample 5133: 44°
40.03N, 125° 6.00W, 600 mbsl). PC-KD, a long (24 cm) push core sample, was
homogenized shipboard by preparation of a sediment slurry, and was sealed an Ar-sparged
mylar bag and stored at 4° C for laboratory-based incubation experiments. Sample 5133
was derived from a PC sectioned by sediment depth horizons that were subsequently
transferred to Pyrex bottles, slurried with filtered seawater, sparged with CHa, and sealed

with butyl stoppers (Skennerton et al., 2016). Seawater samples were collected proximal to
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methane seep sites with Niskin bottles, and collected seawater was filter-sterilized on

board and placed in sterile 2 L Pyrex bottles. Laboratory incubation experiments were
performed by mixing N,-sparged filter-sterile seawater with sediment samples at a ~2:1
sediment to seawater ratio in sterile 500 mL Pyrex bottles continuously sparged with N, to
maintain anoxia. Incubations were sealed with butyl stoppers and pressurized with CH4 to
maintain AOM conditions. Every ~6 months, water from the bottle incubations was
removed and were refreshed with filter-sterilized N,-sparged seawater to maintain a steady

supply of sulfate and prevent buildup of sulfide.

X-ray Diffractometry

The mineralogy of density-separated methane seep sediments was characterized in
part by use of X-ray diffractometry (XRD). Air-dried samples of mineral fractions and the
bulk control were resuspended in 1000 pL DI and 200 pL each were spotted onto round
glass slides (diameter 1.5 cm) for fitting into the XRD holder. After air drying, samples
were analyzed by a PANalytical X-Pert Pro (Malvern Panalytical, Malvern, UK) housed in
the Department of Applied Physics and Materials Science at Caltech. Scans were
performed between 3.5 — 65° 26 with a step size of 0.008° 20 and step time of 1 s. The a Cu
anode source was set to 45 kV and 40 mA. Peak-matching to JCPDS mineral standards was
performed on XRD spectra using X’Pert Highscore software (Malvern Panalytical). Peak-
matching was performed by first using the “Search Peaks” function with parameters:

minimum significance = 25, minimum tip width = 0.5, peak base width = 1.5, method =
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minimum 2™ derivative. The “Search & Match” function was then used, with the

following settings: minimum score = 20, search sensitivity = 1.8, smoothing range = 1.5,

threshold factor = 3.

Fourier Transform Infrared Spectroscopy

Samples analyzed by XRD were then measured by attenuated total reflectance
Fourier transform infrared spectroscopy (ATR-FTIR) for further mineralogical
characterization. Samples adhered by air drying to glass slides were inverted and placed
onto an ATR diamond plate in a SensIR Durascope (SensIR Technologies, Danbury, CT)
accessory mounted inside a Thermo Nicolet Magna 860 FTIR (Thermo Fischer Scientific,
Waltham, MA, USA) housed in the Rossman Laboratory in the Division of Geological and
Planetary Sciences at Caltech. Spectra were acquired at a resolution of 4 cm™ between
4000 to 400 cm™'. Comparison to mineral standards was then performed using the RRUFF
database (rruff.info, (Lafuente et al., 2016)) and FTIR spectra aqcuired from API clay
mineral standards by Prof. Rossman

(http://minerals.gps.caltech.edu/FILES/ATR/myweb5/clay.htm).

Scanning Electron Microscopy

Sediment fractions were imaged by scanning electron microscopy (SEM) and

analyzed for elemental composition by energy-dispersive X-ray spectroscopy (EDS). The
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remaining 800 uL of each mineral fraction suspended in DI prior to XRD and FTIR

analysis (see ‘Sample Collection, Processing, and Incubation’ above) was concentrated into
a ~1 mm diameter area on a 0.2 um EMD Millipore white polycarbonate filter (code
GTTP) using a pipette. The concentrated mineral sample was cut out of the filter using a
razor blade and adhered to carbon tape attached to an SEM stand. Samples were then Pd-
coated (10 nm thickness) using a Cressington Sputter Coater 208HR. Samples were imaged
by a Zeiss 1550VP Field Emission SEM equipped with an Oxford INCA Energy 300 X-ray
EDS system housed in the Division of Geological and Planetary Sciences at Caltech. SEM
images were acquired using an electron beam energy of 10 eV and EDS point spectra were

acquired with a 15 eV electron beam.

DNA Extraction and Illumina MiSeq sequencing of 16S rRNA gene

DNA was extracted from samples of methane seep sediments using the Power Soil
DNA Isolation Kit 12888 following manufacturer (Qiagen, Germantown, MD, USA)
directions modified for sediment samples (Orphan et al., 2001a; Case et al., 2015). The V4-
V5 region of the 16S rRNA gene was amplified using archaeal/bacterial primers (Parada et
al., 2016) with Illumina (San Diego, CA, USA) adapters on 5’ end (515F: 5°-
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-
GTGYCAGCMGCCGCGGTAA-3’,926R: 5’
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-

CCGYCAATTYMTTTRAGTTT-3’). PCR reaction mix was set up in duplicate for each
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sample with Q5 Hot Start High-Fidelity 2x Master Mix (New England Biolabs,

Ipswich, MA, USA) in a 15 pL reaction volume according to manufacturer’s directions
with annealing conditions of 54°C for 30 cycles. Duplicate PCR samples were then pooled
and 2.5 pL of each product was barcoded with Illumina NexteraXT index 2 Primers that
include unique 8-bp barcodes (P5 5’-AATGATACGGCGACCACCGAGATCTACAC-
XXXXXXXX-TCGTCGGCAGCGTC-3’ and P7 5°-
CAAGCAGAAGACGGCATACGAGAT-XXXXXXXX-GTCTCGTGGGCTCGG-3).
Amplification with barcoded primers used the same conditions as above, except for a
volume of 25 pL, annealing at 66°C and 10 cycles. Products were purified using Millipore-
Sigma (St. Louis, MO, USA) MultiScreen Plate MSNUO03010 with vacuum manifold and
quantified using ThermoFisherScientific (Waltham, MA, USA) QuantIT PicoGreen
dsDNA Assay Kit P11496 on the BioRad CFX96 Touch Real-Time PCR Detection
System. Barcoded samples were combined in equimolar amounts into single tube and
purified with Qiagen PCR Purification Kit 28104 before submission to Laragen (Culver
City, CA, USA) for 2 x 250 bp paired end analysis on Illumina’s MiSeq platform with

PhiX addition of 15-20%.

Processing of 16S rRNA gene MiSeq sequences

Sequence data was processed in QIIME version 1.8.0 (Caporaso et al., 2010)
following published methods (Mason et al., 2015). Raw sequence pairs were joined and

quality-trimmed using the default parameters in QIIME. Sequences were clustered into de
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novo operational taxonomic units (OTUs) with 99% similarity using UCLUST open

reference clustering protocol and the most abundant sequence was chosen as representative
for each de novo OTU (Edgar, 2010). Taxonomic identification for each representative
sequence was assigned using the Silva-119 database (Quast et al., 2013) clustered at 99%
similarity. This SILVA database had been appended with 1,197 in-house high-quality,
methane seep-derived bacterial and archaeal full-length 16S rRNA sequences. Any
sequences with pintail values > 75 were removed. The modified SILVA database is
available upon request from the corresponding authors. Further taxonomic assignment of
OTUs assigned to the SEEP-SRBI clade was performed by aligning these 411 bp amplicon
sequences to the Silva 119 database in ARB (Ludwig et al., 2004) and construction of a
phylogenetic tree from full-length and amplicon 16S rRNA sequences of SEEP-SRB1 and
sister clades to delineate SEEP-SRB1 subgroups (Schreiber et al., 2010). Known
contaminants in PCR reagents as determined by analysis of negative controls run with each
MiSeq set were also removed (Salter et al., 2014) along with rare OTUs not present in any

given library at a level of at least 10 reads.

16S rRNA Amplicon Community Analysis

The QIIME-produced table of OTUs detected in the bulk control and density-
separated fractions of methane seep sediment was then analyzed using community ecology
packages in R versions 3.3.3 and 3.5.0 (R Core Team, 2017). Dissimilarity matrices for

samples of bulk control and density-separated fractions were calculated using the Bray-
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Curtis dissimilarity metric (Legendre and Legendre, 1998) by the R package vegan

(Oksanen et al., 2009). Non-metric multidimensional scaling (NMDS) was applied to
ordinate samples based on Bray-Curtis pairwise sample dissimilarities. OTUs differentially
abundant in microbial communities associated with dense (p > 2.9 g/cc) sediment fractions
were detected using the R package ANCOM (Mandal et al., 2015), selected here for its low
false discovery rate (Weiss et al., 2017). OTUs identified by ANCOM were used to explore
the differential abundance of other OTUs of the same taxonomy assignment by regression
of OTU relative abundances onto NMDS space using the envfit function in vegan, with
statistical significance (p < 0.05) calculated by 999 permutations. Many additional analyses

were performed to provide robustness to these results (see Supplemental File 1 for code)

Correlation analysis of 16S rRNA amplicon libraries

A QIIME-produced table of OTUs detected in the density-separated fractions of
methane seep sediment (excluding bulk controls) was further analyzed using the
correlation algorithm SparCC (Friedman and Alm, 2012). A bash shell script
(sparccWrapper.sh, written by Karoline Faust) was used to call SparCC Python scripts
SparCC.py, MakeBootstraps.py, and PseudoPvals.py. First, SparCC.py calculated
correlations between OTUs. MakeBootstraps.py then produced 100 shuffled OTU tables
by random sampling from the real data with replacement and SparCC.py was used to
calculate correlations in each of these 100 shuffled OTU tables. Finally, PseudoPvals.py

calculated pseudo-p values for OTU correlations in the real dataset by comparison to
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correlations calculated in the shuffled OTU tables. As described by Friedman and

Alm, 2012, pseudo-p-values represent the fraction of correlation coefficients for a given
pair of OTUs calculated from the 100 shuffled datasets that are greater than that
calculated from the real datasets. Thus, a pseudo-p-values < 0.01 for a given pair of
OTUs indicates that no correlation coefficient from any given shuffled dataset was
greater than that calculated from our real data. Subsequent analysis of the produced tables
describing magnitude and significance for OTU correlations was performed in R versions
3.3.3 and 3.5.0, using visualization packages igraph (Csardi and Nepusz, 20006), circlize
(Gu et al., 2014), ggplot2 (Wickham, 2009), and RColorBrewer (Neuwirth, 2014). In this

study, only positive correlations (correlation coefficient > 0) between OTUs were used.

Fluorescence in situ Hybridization

To confirm the presence of microbial taxa in density-separated sediment fractions,
as inferred by analysis of 16S rRNA amplicon datasets, we performed fluorescence in situ
hybridization (FISH) using the following modification of previously published protocols
(Orphan et al., 2002). Density-separated sediment fractions fixed by PFA were
concentrated onto ~1 mm diameter areas on 0.2 pm white polycarbonate filters. This area
of the filter was then cut out with a razor blade and placed in a 200 pL. PCR tube for FISH
labeling. FISH was performed overnight (18 hr) using the following modifications (G.
Chadwick, pers. comm.) to previously-published protocols. A hybridization buffer at

appropriate stringency was prepared along with accompanying wash buffer [33, 34] and
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pre-warmed to 46°C and 48°C in a hybridization oven and a water bath, respectively. 5

pL of FISH probe stock (50 ng/uL) ANME-3-125 with cy3 dye (K. Dawson, pers. comm.
5’- TCCTAAGGGCAGGTTATCCA-3’) and either Eub338 mix (Daims et al., 1999) or
probe Seeplc-1309 (Schreiber et al., 2010) in cy5 was added to 40 pL hybridization buffer
along with filter sections. After 18 hr hybridization, filters were removed and incubated for
20 min at 48°C in 200 pL wash buffer. Filter sections were then removed and briefly
dipped in deionized water and placed on Superfrost Plus slides (Thermo Fischer Scientific)
to dry at room temperature in the dark. 10 pL 4,6-diamidino-2-phenylindole (DAPI,
Sigma-Aldrich) dissolved in Citifluor (Electron Microscopy Sciences) was applied to filter
sections and left to incubate for 15 min in the dark. A cover slip (No. 1.5, VWR, Radnor,
PA, USA) was then placed on each filter. Hybridized samples were illuminated using an
XCite Series 120Q fluorescence source and imaged with a Qimage QIClick camera
attached to an Olympus BX51 epifluorescence microscope with 60x (Olympus PlanApo N
Oil, N.A. 1.42) and 100x (Olympus UPlan FL N Oil, N.A. 1.30) objectives. Imaging
software cellSens Dimension was used to acquire images. Composites of epifluorescence

images were produced using the image processing software Q-Capture Pro 7.

RESULTS
Density Separation by SMT Yields Three Mineralogically-Distinct Fractions

The efficacy of the density-separation protocol presented here was assayed by
characterizing the mineralogy of density fractions. Methane seep sediment samples from

both Hydrate Ridge North (sample 5133) and Santa Monica Basin (sample PC-KD) were
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both separated by density and analyzed in parallel by XRD, FTIR, and SEM to identify

mineral constituents of each fraction and by 16S rRNA amplicon sequencing to
characterize the microbial communities present in each fraction. Here, we present
mineralogical data from density separation of sample 5133 and microbial community data
from sample PC-KD. Mineralogical data from only sample 5133 are presented here, as
samples of fractions from PC-KD originally intened for mineralogical analysis were instead
used for 16S rRNA amplicon sequencing to increase the size of the sequencing dataset.
Sequencing data from sample 5133 as well as samples of seep sediment from Costa Rica
(samples 10073, 10003-10007) are not shown as our separation protocol did not yield

insight into microbial communities found in fractions rich in conductive minerals.

XRD analysis of dense (p > 2.9 g/cc), intermediate (2.4 < p <2.9 g/cc), and light (p
< 2.4 g/cc) density fractions of methane seep sediment sample 5133 documented distinct
mineralogical compositions in each fraction. Automated analysis of XRD spectra identified
magnetite and pyrite in the dense fraction (Fig. 2, Table 1). Several significant peaks were
not identified by X’Pert Highscore, most notably (counts > 30) those at 20 = 8.4°, 10.2°,
12.2°,17.4° (Table 1). XRD analysis of the intermediate fraction catalogued peaks assigned
to quartz and calcite (Fig. 2, Table 2), and several without a peak assignment, including
those at 20 = 8.8°, 12.4°,21.9°,24.1°, 27.8° (Table 2). XRD analysis of the light fraction
identified only quartz and halite, with peaks not identified also observed with peak maxima
at 20 =8.6°, 12.3°, 18.6°, 19.5°, 21.8°, 23.5°, 27.6°, and 29.6° (Table 3). A large, broad peak
not detected by the automated peak identification algorithm was also observed in the light

fraction at 20 = 6° (Fig. 2).
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Spectra collected by FTIR performed on of density-separated methane seep

sediment samples complemented XRD analysis, revealing three mineralogically-distinct
fractions. FTIR spectra collected from the dense fraction displayed absorbance peaks at
454, 509, 1012, 1451, 1636, 3424, and 3601 em™ Comparison to FTIR spectra from the
RRUFF database (Lafuente et al., 2016) corroborated XRD characterization of this fraction
as FTIR of pyrite (RRUFF ID R050070) and magnetite (R080025) closely matching a
patten of increasing absorbance at wavenumbers >1200 cm™ (Fig. 3). FTIR detected clays
in this fraction not observed in XRD spectra, with peaks at 454, 509, and 1012 cm’!
matching a FTIR spectrum of illite (H-36, Morris, Illinois) closely (Fig. 3). The XRD
spectrum for this fraction did not detect clay minerals, but this may have been a result of
the absence of extensive clay mineral standards in the X Pert Highscore database or the
inherent challenges of characterizing clay minerals, the identification by XRD of which can
require specialized techniques (Moore and Reynolds, 1997).

FTIR spectroscopy performed on the intermediate density fraction further
corroborated XRD analysis of that fraction, with promenent absorbance peaks at 880 cm™
and 1422 cm™' matching absorbance peaks from a FTIR spectrum collected from a calcite
sample (Fig. 3). FTIR spectra of this fraction also displayed spectroscopic features possibly
indicating the presence of other Ca carbonates dolomite or aragonite, such as a shoulder to
the 1418 cm™ peak in the sample spectrum at 1460 cm™ (Supp. Fig. 2); dolomite or
aragonite was not detected by automated peak matching for XRD scans. There also
appeared to be significant clay in this fraction, demonstrated by a close match between the

sample spectrum and that of an illite standard (Fig. 3).
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Figure 2. Representative X-ray diffraction (XRD) spectrum of the dense (top, p > 2.9 g/cc),
intermediate (middle, 2.4 < p <2.9 g/cc), and light (bottom, p < 2.4 g/cc) mineral fraction sfrom
density-separated methane seep sediment, with peaks identified and annotated by best-fit mineral
from powder-diffraction standards.

FTIR spectroscopy corroborated XRD observations for the light density fraction,
with prominent absorbances at 419, 524, 1000, 1461, and 1644 cm’', and a broad peak at
~3430 cm™, all matching equivalent absorbances from a montmorillonite standard (H-24,
Otay, California; Fig. 3). While automated analysis XRD spectrum of this sample did not
detect clay minerals, possibly for the same reasons discussed above for the intermediate
density fraction, we inferred the presence of clays from the XRD spectrum in this fraction
by the observation of a broad peak at 20 = 6° (Fig. 2), approximately equivalent to the basal

001 reflection for montmorillonite between 20 = 6.3° — 6.6° (rruff.info, R110053).

Taken together, the XRD and FTIR data supported the inference that our density-
separation protocol yielded three fractions of sediment distinguished by mineralogy. The
dense fraction was composed of pyrite and magnetite with minor (only observed by FTIR)
clays, the intermediate fraction consisted of calcite and minor clays, and the light fraction
contained only clays. We thus concluded that we could apply our protocol to acquire three
mineralogically-distinct fractions: a silicate-rich fraction (p < 2.4 g/cc), a carbonate-rich
fraction (2.4 < p < 2.9 g/cc), and a fraction rich in iron sulfides and oxides (p > 2.9 g/cc).

We used this nomenclature to describe the fractions for the remainder of the study.
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Figure 3. Representative FTIR spectra of the dense (fop, blue), intermediate (middle, green), and
light (bottom, red) fractions of density-separated methane seep sediment. Spectra were normalized
to maximum absorbance equal to 1. Spectra from minerals in the RRUFF database (Lafuente et al.,
2016) and from API clay mineral standards are underlain for comparison; minerals were selected on
the basis of their identification in XRD spectra collected from thesame density fractions (Fig. 2).

Given our successful enrichment of conductive minerals magnetite and pyrite in the
iron sulfide/oxide-rich fraction, we wanted to characterize the microscale nature of this
fraction by SEM. Optical microscopy performed on this fraction documented abundant 10-
25 um diameter clusters of ~2-5 pm diameter framboidal solid phases that appeared highly
reflective under reflected light (Fig. 4). Epifluorescent imaging using a DAPI stain
documented ~1 pm diameter signal colocalized with outer surfaces of reflective framboids
(Fig. 4). Subsequent correlated SEM imaging revealed DAPI signal to be correlated with
~1 pum rods adhered to framboid surfaces. EDS point spectra characterized the framboidal
phases as Fe and S rich (data not shown). Together with the FTIR and XRD data, we
inferred from our correlated fluorescence and electron microscopy observations that the
iron sulfide/oxide-rich fraction contained abundant pyrite framboids with adhered

microbial cells.

16S rRNA Amplicon Sequencing of Density Fractions Reveals Mineral-Associated
Microbial Communities
Application of the density separation protocol to methane seep sediments from

Santa Monica Basin (sample PC-KD) yielded 5 iron sulfide/oxide-rich fractions, 10



126

Figure 4. Correlated epifluorescence (left) and scanning elecctron microscopy (to scale, right) imaging documenting an aggregate of Fe sulfides
(composition confirmed by EDS, data not shown) in a sample of the dense (p > 2.9 g/cc) sediment fraction, featuring attached cells visible by DAPI
stain and under SEM (arrows).
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carbonate-rich fractions, 10 silicate-rich fractions, and 10 bulk control samples. Of

these, PCR amplification all using 30 PCR cycles was successful in all 5 iron sulfide/oxide-
rich fractions, 9 carbonate-rich fractions, 9 silicate-rich fractions, and 7 bulk sediment
controls. QIIME processing of amplicon sequences prepared from these 30 samples yielded

875 OTUs after filtering in R.

16S rRNA amplicon sequencing of the bulk sediment controls revealed a microbial
community in the bulk sediment controls dominated by ANME subtypes ANME-2a/b,
ANME-2¢ and ANME-3 (Fig. 5). OTUs assigned to the common ANME partner SEEP-
SRB1 (Schreiber et al., 2010) were found to be the second-most-abundant group of OTUs.
OTUs assigned to archaeal Marine Benthic Groups B and D, the bacterial SEEP SRB2
clade, and to the deeply-branching Atribacteria were observed to be minor members of the

bulk community.

Comparison of 16S rRNA community profiles between the bulk sediment controls
and the iron sulfide/oxide-rich fraction revealed ANME-3 OTUs to be differentially
abundant in this fraction. ANME-3 OTUs constitute a larger portion of the total number of
reads in the iron sulfide/oxide-rich fraction, comprising 15 £ 2.6% of all reads in this
fraction compared to only ~2.5% of the reads in the bulk sediment controls (Fig. 5).
Comparison of the relative abundance of the 78 ANME-3 OTUs across all density fractions
documented higher ANME-3 OTU abundance correlated with fraction density (Fig. 6),

with the ANME-3 OTU population dominated (~80% of ANME-3 reads) by 4 OTUs.
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Figure 5. Stacked bar plot comparing relative abundance of OTUs, clustered by taxonomy
assignment at a family level according to NCBI taxonomy assignments in Silva-119 (Quast et al.,
2013), between bulk sediment controls and density-separated fractions rich in iron sulfides and iron
oxides. Bars are replicate samples, and are ordered on increasing abundance of ANME-3 OTUs.

Silicate-rich density fractions, with average density lower than that of the bulk sediment,
were shown to have fewer ANME-3 reads than bulk sediment controls (Fig. 6). Ordination
of sample pairwise dissimilarity by NMDS identified the 16S rRNA community profiles
for the iron sulfide/oxide-rich fraction to be more dissimilar to the bulk controls than other
density fractions (Fig. 7). Regression of OTU relative abundance onto the NMDS
ordination revealed all significant (p < 0.05) ANME-3 OTU vectors were correlated with

iron sulfide/oxide-rich fractions (Fig. 7). Consistent with the observation that ANME-3
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Figure 6. Top, stacked bar plots comparing relative abundance of ANME-3 OTUs across all
density-separated sediment fractions, with each bar representing a replicate sample. Samples are
ordered by increasing total abundance of ANME-3 OTUs and are annotated by density fraction.
Bottom, mean relative abundance of all ANME-3 OTUs in density-separated fractions ordered by
ANME-3 OTU abundance.



130

o
0.25- o
® )
OTU431781 (ANME'S) OTU157336 (ANME'3) OTU263500 (ANME'S)
5_ | ]
7.
6.
0001 + —
= Fraction § 61
El @ Buk 8 3 51
UN) Carbonates c
a ® Fe sulfide/oxide é 5] | A 51
= )25 @ Silicates E
1- 41
| Y ==
0- 34
—0.501 Bulk  Sulfide/oxide Bulk  Sulfide/oxide Bulk Sulfide/oxide
-0.25 0.00 0.25 0.50 0.75

MDS1_raw

Figure 7. Lefi, NMDS plot displaying differences in 16S rRNA community composition of density-separated methane seep samples from Santa
Monica basin, as measured by Bray-Curtis dissimilarity. Replicates are colored by the XRD- and FTIR-identified mineralogy of the density fraction
from which DNA was extracted and amplified. Arrows represent regressions (using envfit) of ANME-3 OTU relative abundance onto Bray-Curtis
NMDS space; light arrows are envfit regressions (p < 0.05) and dark arrows are envfit regressions for OTUs detected to be differentially abundant by
ANCOM (p < 0.05, Mann-Whitney U test, B-H adjusted). Right, subset of OTUs detected to be differentially abundant in (p < 0.05, Mann-Whitney
U test, B-H adjusted) the dense, sulfide/oxide-rich fraction relative to the bulk control.
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Figure 8. Stacked histograms illustrating the distribution of SparCC-calculated correlations between 16S rRNA amplicon sequences from all density-
separated fractions, excluding bulk sediment controls. Left, comparison of correlations deemed significant on the basis of bootstrap-calculated pseudo-
p-values < 0.01 (green) with those not calculated to be significant (‘N.S.’, in gray). Right, significant correlations broken down by the taxonomy
assignment of each OTU in the pair. ‘SRB’ are considered those taxa with assignments of known ANME-partner SRB (e.g. SEEP-SRB1) or any
Deltaproteobacteria with genus-level taxonomy assignment containing the string ‘Desulf’ (e.g. Desulfococcus sp.).
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OTU relative abundance is correlated with fraction density (Fig. 6), carbonate-rich

fractions lie in NMDS space between iron sulfide/oxide-rich fractions and those of the bulk
sediment controls (Fig. 7). The differential abundance R package ANCOM was then
applied to detect differentially-abundant OTUs between the bulk sediment control and the
iron sulfide/oxide-rich fraction. ANCOM detected 3 OTUs, all ANME-3, that were
differentially-abundant in the iron sulfide/oxide-rich fraction (p < 0.05, Mann-Whitney U
test, B-H adjusted; Fig. 7), supporting the inference from envfit regression that ANME-3
OTUs are preferentially found associated with magnetite and pyrite in our samples of Santa

Monica Basin methane seep sediment.

Correlation Analysis of Density-Separated Methane Seep Sediment Reveals Associations

Between Microbial Taxa

With the association between ANME-3 OTUs and magnetite/pyrite established by
community analysis, we turned to investigate the potential partnerships between ANME-3
and different bacterial SRB clades that could possibly be detected with higher fidelity due
to their co-association on pyrite and/or magnetite surfaces. We applied the correlation tool
SparCC (Friedman and Alm, 2012) to the 30 16S rRNA amplicon datasets prepared from
density-separated methane seep sediments, calculating 383,250 pairwise correlations
between the 875 OTUs detected in our 30 samples. Of these pairs, 4.4% (17,196) had
pseudo-p-values < 0.01, indicating the coefficients for each of these correlations exceeded

that calculated for that same OTU pair in any of the 100 bootstrapped datasets (Fig. 8). The
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taxonomic assignment of the constituent OTUs of correlations with pseudo-p < 0.01

were then inspected: 33% (5,740) of correlations with pseudo-p < 0.01 describe those

involving ANME.

From this set of significant correlations, a network diagram was constructed to
identify the OTUs correlated with ANME-3 OTUs, representing the microbial community
adhered to conductive mineral surfaces that may be interacting with ANME-3 via co-
attachement to these minerals. Examination of clusters of OTUs within this network
revealed two primary communities of OTUs (Fig. 9). Of these communities, one consisted
of ANME-2¢c, ANME-2a/b, and SEEP-SRB1 OTUs and the other centered on ANME-3
and SEEP-SRB1 OTUs (Fig. 9). SEEP-SRB1 OTU representative sequences were
extracted and compared with SEEP-SRB1 full-length 16S rRNA sequences used by
Schreiber and coworkers to assign subtype taxonomy (e.g. SEEP-SRB1a, SEEP-SRBIc) to
these sequences (data not shown). This analysis revealed SEEP-SRB1 OTUs associated
with ANME-3 OTUs in network analysis are predominantly SEEP-SRB1c, while those
associated with ANME-2a/b and -2c¢ in the network are a mix of SEEP-SRB1a and SEEP-
SRB1c. Additionally, ANME-3 associate with other non-SRB taxa in the network,
including several OTUs assigned to the Atribacteria and Marine Benthic Group B (now

referred to as Lokiarchaeota).



FISH Documents ANME-3 in Iron Sulfide/Oxide-rich Fractions o
To validate the presence of ANME-3 consortia in the iron sulfide/oxide-rich
fraction, we performed fluorescence in situ hybridization (FISH). Epifluorescence
microscopy of an aliquot of the iron sulfide/oxide-rich fraction documented several
ANME-3 consortia of ~10 pm diameter (Fig. 10). Other microbial aggregates stained only
by DAPI counterstain (deemed to be putative ANME-SRB consortia) were also observed,
but quantification of the relative abundance of ANME-3 consortia as a proportion of total
consortia was precluded given the small sample size, with total consortia observed < 25.
The propensity for the SMT density matrix to form precipitates via reaction with Ca2+(aq)
presented significant challenges for our FISH experiments, as these precipitates, often
forming ~100 um long crystals (data not shown), interfered significantly with FISH
reactions. Reflected light microscopy revealed several ANME-3 consortia with reflective
domains inferred to be reflective pyrite or magnetite on the basis that iron sulfides with
composition confirmed by EDS (Fig. 4) appeared reflective. These consortia were typically
~10-15 pm in diameter, and featured ANME-3 cocci forming aggregates with a shell-type
morphology similar to that previously observed for ANME-3 consortia (Ldsekann et al.,
2007). Application of FISH probes targeting bacterial 16S rRNA did not successfully
hybridize to cells in consortia, but DAPI staining of non-ANME-3 cells in consortia

suggested that bacterial cells were likely present but not labeled.
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Figure 9. Network diagrams constructed from SparCC-calculated (pseudo-p < 0.01) pairwise
correlations between OTUs in density-separated methane seep sediment. 7op, network diagram
with vertices (OTUs) colored by taxonomy assignment. OTUs found to be particularily highly-
correlated include ANME-3 OTUs that were found to be differentially-abundant in the iron
sulfide/oxide-rich fraction (bottom inset); these OTUs are correlated with specific SEEP-SRB1
OTUs that fall within the SEEP-SRBI1c lineage as previously defined (Schreiber et al., 2010).

DISCUSSION

Associations between sediment-dwelling microorganisms and minerals have
proven challenging to parse, but are likely are important for the physiology of these
microorganisms given the observations from cultures (Kato et al., 2012b; Liu et al., 2015;
Tang et al., 2016) and environmental incubations (Kato et al., 2012a; Rotaru et al., 2018)
that conductive minerals stimulate syntrophic EET. Previous methods and results to
examine mineral-associated microbial ecology in marine sediments reported by Harrison
and Orphan described density-separation protocols using SMT to yield a dense (p > 2.8
g/cc) and a light (p < 2.8 g/cc) fraction from methane seeps, but the mineralogical purity of
these fractions was only examined by the elemental composition of these fractions using
EDS, and microbial communities in each fraction were identified by terminal restriction
fragment length polymorphism (Harrison and Orphan, 2012). Other work has used SMT to
separate marine sediments by density and characterized the mineralogical purity of density
fractions by XRD (Poppe et al., 1991; Poppe and Commeau, 1992; Totten et al., 2002), but
no work to date has used SMT separation in tandem with next-generation Illumina
sequencing of 16S rRNA amplicon libraries to reveal in situ microbe-mineral associations

in marine sediments.
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Figure 10. Reflected light and epifluorescent microscopy imaging of ANME-3—SRB consortia
extracted from the iron sulfide/oxide-rich fraction. ANME-3 were labeled using FISH probe

ANME-3-125 (K. Dawson, pers. comm.). Reflective domains embedded in the extracellular matrix
appear as white from reflected light.
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Here, we present the successful enrichment of iron sulfide/oxide-rich and

carbonate-rich mineral fractions from methane seep sediments by application of SMT-
based density separation to methane seep sediments. XRD (Fig. 2) and FTIR (Fig. 3)
spectra acquired from the dense (p > 2.9 g/cc) fraction were fit by pyrite and magnetite
standards. FTIR spectroscopy of the intermediate-density fraction, in contrast, documented
spectra from this fraction well-matched by calcite standards (Fig. 3), corroborating XRD
measurements (Fig. 2). FTIR spectra of these fraction also contained features characteristic
of clay minerals, indicating either the presence of particularily dense illite (Totten et al.,
2002) and/or lower-density clays adhered to magnetite or pyrite surfaces. However, we
inferred that clays were significantly less abundant in these fractions in comparison with
the light fraction, as XRD spectra of the dense and intermediate fractions did not detect the
peak at 20 = 6° observed in the light fraction (Fig. 2), interpreted as reflective of clays at
significant abundance to produce prominent signal at low 26. Successful enrichment of
these mineral fractions by density separation not only made possible downstream
ecological study of mineral-associated microbial communities, but may also prove useful
for future geochemical study of carbonate and sulfide mineral authigenesis in methane seep

sediments.

16S rRNA amplicon sequencing of the density fractions revealed a particularily
unique community associated with the iron sulfide/oxide-rich fraction. Differential
abundance analysis by ANCOM detected 3 OTUE s, all assigned to the ANME-3, that were
significantly abundant relative to the bulk sediment (Fig. 7); no other OTUs were detected

as differentially abundant in any other fraction relative to the bulk sediment control. As an
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enrichment rather than purification technique, density separation using SMT results in

some cross-contamination across density fractions; the elevated abundance of ANME-3 in
the carbonate-rich fraction (Figs. 9, 10) is likely a consequence of this. An interpretation of
the differential abundance of ANME-3 in the dense fraction to be a result of intracellular
minerals such as magnetosomes that have been observed in some SRB partners to ANME-
2 (McGlynn et al., 2018) seems less likely, as the volume of magnetite or pyrite adhered to
or inside of a given cell must be >86-90% of the volume of the cell to achieve mean
particle density > 2.9 g/cc. However, given the exceedingly high salinity of SMT solutions,
dehydration could significantly reduce cell volumes during density separation. Further EM
examination of ANME-3 associated with the dense fraction will be required to characterize

the nature of the association.

ANME-3, first discovered in the Haakon Mosby mud volcano in the Barents Sea
(Niemann et al., 2006), have also been observed at methane seep sites in the Congo Basin
(Pop Ristova et al., 2012) and the Eel River Basin (Orphan et al., 2001a), but relatively less
is known about their physiology compared to more common ANME subtypes such as
ANME-2a. Given their preferential association with the iron sulfide/oxide-rich fraction,
which by mass constituted only a small percentage (~1%) of the total mass of the bulk
sediment, we inferred that ANME-3 may appear rare when characterizing the microbial
community in bulk samples due to their preference for an ecological niche provided by
relatively rare magnetite or pyrite grains. We speculated that this niche may provide a
condiut for EET and facilitate survival in electron-donor poor AOM sediments, aiding

electron transport from ANME-3 to syntrophic partners or to other electron acceptors. In a
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similar manner as that observed for in syntrophic co-cultures of Geobacter sp. and

Methanosarcina sp. (Rotaru et al., 2018), conductive minerals may aid in the transfer of
electrons in AOM. Future research should leverage insights from recent work indicating
that magnetite in particular stimulates syntrophic EET and focus on extracting magnetic
minerals from marine sediments, as has been attempted previously (Harrison and Orphan,
2012. While magnetic mineral concentrations are depleted at the SMTZ relative to their
concentration in sediments above and below due to diagenetic reduction of magnetite by
sulfide (Roberts, 2015), these trace minerals may still host local populations of
microorganisms employing mineral-facilitated EET. Anaerobic extraction methods for
magnetite from marine sediments developed in this thesis (see Appendix A) were
moderately successful, but future work could build on these methods to extract live
microbial communities attached to magnetic minerals for downstream culturing and

molecular work.

Density separation of methane seep sediments also provided new hypotheses about
microbe-microbe interactions. By extracting fractions of sediment enriched in a particular
mineral, density separation amplified ecological signals resulting from the co-association of
certain microbial taxa on mineral surfaces. Here, we observed improved signal from
correlation analysis performed on density fractions from Santa Monica Basin seep
sediments (Fig. 8) relative to that observed from application of the same analysis to a
ecological survey of Costa Rica seep sediments (Ch. 1, Fig . 1A, 1B). In the density-
separated samples, correlation analysis detects fewer total significant correlations but those

correlations have higher coefficients, indicating improved ecological signal. Microbial
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communities are readily detected in density-separated samples, requiring no further

thresholding of the correlation analysis to obtain insights; in contrast, performing the same
analysis on ecological survey data requries a much larger dataset (~300 vs 30 samples) and
more post-analysis processing to obtain ecological insights. Furthermore, ecological
insights from density separation techniques describe microscale niche differentiation
within a single sample, critical information for the investigation of microbial ecology in
situ. Here, we infer a preferential association between ANME-3 and SEEP-SRBI1c in the
iron sulfide/oxide fraction, notable as previous microscopy study had not observed SEEP-
SRBIc in association with ANME (Schreiber et al., 2010). Attempted FISH labeling of
SEEP-SRBI1c using published probe Seeplc-1309 (Schreiber et al., 2010) was
unsuccessful, but we inferred this failure did not reflect the absence of association between
ANME-3 and SEEP-SRBI1c but rather a failure of the probe, designed on the basis of 8
full-length 16S rRNA sequences, to hybridize SEEP-SRB1c 16S rRNA in our samples
resulting either from sequence divergence or interference from SMT. Future work should
identify the SRB partner for ANME-3, which has been identified in different seep
environments as SEEP-SRB1a (Schreiber et al., 2010), SEEP-SRB1c (hypothesized in this

study), Desulfobulbus sp. (Losekann et al., 2007), or SEEP-SRB4 (Ruff et al., 2015).
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CONCLUSIONS

Here, we demonstrate statistically-significant associations between certain 16S
rRNA amplicon sequences and specific minerals by application of a heavy-liquids protocol
to separate minerals in marine sediments by density compatible with downstream
molecular analyses. Application of this protocol to samples of methane seep sediment
yielded three mineralogically-distinct fractions of methane seep sediment, with mineralogy
of each fraction validated by XRD and FTIR. Community analysis of each density fraction
documented a statistically-significant association between ANME-3 OTUs and a density
fraction rich in magnetite and pyrite. The presence of ANME-3 in this fraction was then
confirmed by FISH microscopy, and the microbial community correlated with ANME-3 in
this fraction was detected by analysis of a network constructed from the using the
correlation analysis tool SparCC (Friedman and Alm, 2012). Comparison of the correlation
analysis results from density-separated seep sediments to those from an ecological survey
of seep sediments demonstrated the capacity for this method to amplify ecological signal
from microorganisms co-associating on mineral surfaces. The future application of this
technique to other sediments and soils holds promise to reveal the microscale interactions

between microorganisms and minerals as well as those between microorganisms.
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Pos. [°20] Height [cts] FWHM Left d-spacing Rel. Int. [%] Tip Width Matched by
[°26] [A]

8.6211 71.39 0.3149 10.25700 11.86 0.3779

12.2542 194.17 0.3149 7.22293 32.25 0.3779

18.5588 52.08 0.2519 4.78103 8.65 0.3023

19.5450 120.24 0.3779 4.54197 19.97 0.4534

20.7623 90.62 0.4093 4.27834 15.05 0.4912 01-089-1961

21.7652 117.54 0.2519 4.08342 19.52 0.3023

23.4771 38.52 0.3149 3.78939 6.40 0.3779

26.3782 547.67 0.2676 3.37885 90.97 0.3212 01-089-1961

27.6269 184.78 0.3779 3.22890 30.69 0.4534

29.6342 87.23 0.3779 3.01460 14.49 0.4534

31.4440 602.03 0.2676 2.84510 100.00 0.3212 00-005-0628

36.3486 44.62 0.3149 247167 7.41 0.3779 01-089-1961

45.2137 353.49 0.2834 2.00553 58.72 0.3401 01-089-1961
00-005-0628

49.9841 49.85 0.4408 1.82473 8.28 0.5290 01-089-1961

59.6788 42.63 0.3779 1.54940 7.08 0.4534 01-089-1961

Ref. Code Score Compound Displacement  Scale Factor Chemical Formula

Name [°2Th.]
01-089-1961 70 Silicon Oxide  -0.199 0.850 Si0,
00-005-0628 55 Sodium -0.219 0.949 NaCl
Chloride

Table 3. Peaks detected (fop) and corresponding mineralogical identification (bottom) by X Pert Highscore

from a representative XRD spectra collected from a sample of the light (p < 2.4 g/cc) fraction of density-

separated methane seep sediment (Fig. 2).
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Pos. [°20] Height [cts] FWHM Left d-spacing Rel. Int. [%] Tip Width Matched by
[°26] [A]
8.7742 57.33 0.3149 10.07834 3.47 0.3779
12.3601 174.51 0.2519 7.16130 10.55 0.3023
20.7157 277.06 0.2519 4.28786 16.75 0.3023  01-089-1961
21.8928 159.28 0.3149 4.05990 9.63 0.3779
23.5424 152.92 0.4408 3.77903 9.24 0.5290  01-086-2341
24.1270 127.08 0.3779 3.68878 7.68 0.4534
25.0271 143.98 0.3779 3.55811 8.70 0.4534
26.5142 1654.45 0.3149 3.36183 100.00 0.3779  01-089-1961
27.8307 461.98 0.3779 3.20572 27.92 0.4534
29.8100 1396.58 0.3464 2.99722 84.41 0.4156  01-086-2341
36.4232 349.49 0.2519 2.46678 21.12 0.3023  01-089-1961
01-086-2341
37.6643 54.39 0.3779 2.38830 3.29 0.4534
39.9014 318.50 0.4408 2.25941 19.25 0.5290  01-089-1961
01-086-2341
42.3318 164.52 0.2834 2.13515 9.94 0.3401  01-089-1961
43,7411 244,94 0.3779 2.06957 14.80 0.4534  01-086-2341
48.2544 198.28 0.4408 1.88602 11.98 0.5290
49.2895 228.52 0.4408 1.84881 13.81 0.5290
50.0550 280.77 0.2519 1.82232 16.97 0.3023  01-089-1961
54.7251 69.45 0.2519 1.67734 4.20 0.3023  01-089-1961
59.8555 222.53 0.2834 1.54525 13.45 0.3401  01-089-1961
Ref. Code Score Compound Displacement  Scale Factor Chemical Formula
Name [°2Th.]
01-089-1961 76 Silicon Oxide  -0.094 0.990 SiO,
01-086-2341 52 Calcium 0.501 0.731 Ca(CO3)
Carbonate

Table 2. Peaks detected (fop) and corresponding mineralogical identification (bottom) by X’Pert Highscore
from a representative XRD spectra collected from a sample of the intermediate (2.4 < p <2.9 g/cc) fraction of
density-separated methane seep sediment (Fig. 2).



151

Pos. [°20] Height [cts] FWHM Left d-spacing Rel. Int. [%] Tip Width Matched by

[°26] [A]

8.4469 38.59 0.2204 10.46805 7.75 0.2645

10.1959 497.73 0.2362 8.67596 100.00 0.2834

12.2320 97.94 0.1889 7.23598 19.68 0.2267

17.3895 57.20 0.3149 5.09980 11.49 0.3779

19.4890 15.92 0.2519 4.55488 3.20 0.3023

26.3485 91.17 0.3149 3.38259 18.32 0.3779

28.2200 307.19 0.2519 3.16237 61.72 0.3023 00-024-0076

29.5466 145.63 0.1889 3.02334 29.26 0.2267 01-089-0950

32.7266 133.66 0.1889 2.73647 26.85 0.2267 00-024-0076

36.6646 58.47 0.3779 245110 11.75 0.4534 00-024-0076
01-089-0950

56.0246 58.28 0.3779 1.64148 11.71 0.4534 00-024-0076
01-089-0950

Ref. Code Score Compound Displacement  Scale Factor Chemical Formula

Name [°2Th.]
00-024-0076 56 Iron Sulfide -0.322 0.353 FeS,
01-089-0950 34 Iron Oxide -0.559 0.280 Fe;04

Table 1. Peaks detected (fop) and corresponding mineralogical identification (bottom) by X’Pert Highscore
from a representative XRD spectra collected from a sample of the dense (p > 2.9 g/cc) fraction of density-
separated methane seep sediment (Fig. 2).
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Supplemental Figure 1. Spherical paricle size pelleted from a 2 min spin at 2000 g as a function of the
density of that particle and the density and viscosity of different SMT solutions, showing the time in minutes
(contours) required for a particle of given diameter to pellet at the bottom of a 5 mL tube, assuming Stokes’
settling. Viscosities for different SMT densities were adapted from the literature (Sahin et al., 2009).
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Supplemental Figure 2. FTIR spectrum collected from the intermediate density fraction comparing this
sample spectrum to those of several carbonate standards (cf. Fig. 3).
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ABSTRACT

Prokaryotic silicate biomineralization in solutions undersaturated with respect to
amorphous silica—representative of conditions in most shallow sediment pore waters—is
poorly understood, but may be significant for the preservation of microfossils and soft
tissues in the rock record by early silicate cementation. Recent work reported the presence
of authigenic silicates (clays) attached to the exteriors of consortia of anaerobic methane-
oxidizing archaea (ANME) and sulfate-reducing bacteria (SRB). However, it remains
uncertain whether the association between ANME-SRB consortia and silicates occurs
through biogenetic precipitation or represent passive attachment if detrital sedimentary
particles. In this study, we addressed the null hypothesis of abiotic silicate attachment
and/or precipitation to consortium surfaces by characterizing the texture and composition

of ANME-SRB consortium-attached silicates sourced directly from deep-sea methane seep
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sediments and from 3-year-long sediment-free enrichments of methane-oxidizing

ANME-SRB consortia in Si-poor artificial seawater. Compositional data from both field-
collected and sediment-free consortia demonstrates statistically significant (p < 0.01) Si
enrichment in consortium-attached silicates over detrital silicates drawn from the same
sample. The texture of silicate phases attached to ANME-SRB consortia maintained
anaerobically in sediment-free conditions is distinct from that observed in sifu and suggests
the growth of these phases concomitant with AOM consortia growth over a 3 year period at
10° C. ICP-MS measurements of media [Si] in sediment-free incubations preclude Si
enrichment via abiotic silica precipitation or Si adsorption to clays. Instead, these
laboratory controlled incubations suggest AOM consortia mediate silicate
biomineralization in conditions undersaturated with respect to precipitation of amorphous
silica as well as equilibrium silicon adsorption onto clays, and thus may point to a
previously underexamined mode of biomineralization by microorganisms abundant in

methane-rich marine sediments.



158
INTRODUCTION

The anaerobic oxidation of methane (AOM) is an important, microbially-driven
process modulating methane flux from coastal sediments worldwide. AOM consumes 80-
90% of CH4 produced in marine sediments (Reeburgh, 2007; Knittel and Boetius, 2009),

oxidizing methane to bicarbonate via the reduction of sulfate to sulfide:

CH4 + SO,* — HCO; +HS + H,0 AG = —10 to —40 kJ mol .

The scant energy produced by this reaction, barely sufficient for ATP synthesis
(Schink, 1997), is harnessed by multicellular methane-oxidizing archaeca (ANME) and
sulfate-reducing bacteria (SRB) consortia common in methane seep ecosystems, reaching
maximum abundances on the order of 10’ consortia per cm’ of sediment (Boetius et al.,
2000; Orphan et al., 2001b, 2002). ANME-SRB cell aggregation likely enables direct
interspecies electron transfer between ANME and SRB (McGlynn et al., 2015; Wegener et
al., 2015). Experimental evidence demonstrating the capacity for ANME-SRB consortia to
reduce solid phase iron and manganese oxides (Beal et al., 2009; Cai et al., 2018; Leu et al.,
2020) supports this model and further suggests interactions between ANME-SRB consortia

and mineral electron acceptors in the environment.

Traditionally, studies of the interactions between ANME-SRB consortia and
minerals have focused on the precipitation of authigenic carbonates resulting from
alkalinity production via AOM. The production of bicarbonate and sulfide ion increases
porewater alkalinity in zones of AOM activity, driving the precipitation of carbonate

minerals (Luff and Wallmann, 2003). Extensive seafloor pavements observed proximal to
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sites of CH4 seepage are thought to be the result of pervasive cementation of terrigenous

clastic sediment by AOM-induced carbonate precipitation (Aloisi et al., 2000; Luff and
Wallmann, 2003; Teichert et al., 2005; Naehr et al., 2007). Geochemical modeling of seep
carbonate porewaters (Luff and Wallmann, 2003) and nonequilibrium clumped isotope
signatures in modern and ancient seep carbonates imply rapid carbonate precipitation rates
during early diagenesis (Loyd et al., 2016; Thiagarajan et al., 2020), suggesting interactions
between ANME-SRB consortia and authigenic mineral precipitation at seeps. Indeed, many
studies demonstrate the presence of viable ANME consortia and active AOM in association
with seep carbonates and carbonate concretions (Marlow et al., 2014; Case et al., 2015;
Mason et al., 2015), in some cases forming large ‘reefs’ in which a carbonate pillar
protruding from the seafloor is coated in ANME microbial mats (Michaelis et al., 2002;
Treude et al., 2007). Given these observations, one might expect carbonate minerals to
associate with EPS coatings on ANME-SRB consortia, as SRB cell surface and/or EPS
chemistry has been suggested to catalyze carbonate precipitation (Visscher et al., 2000;

Braissant et al., 2007; Decho, 2010; Krause et al., 2012).

It is therefore surprising that silicate phases are more commonly found intimately
associated with ANME-SRB consortia than carbonate phases (Pernthaler et al., 2008;
Dekas, 2013; Chen et al., 2014). These observations were initially collected by correlated
fluorescence in situ- hybridization (FISH), scanning electron microscopy (SEM), and
nanoscale secondary ion mass spectroscopy (nanoSIMS) analysis (for Si), which revealed
the common presence of a Si-rich phase surrounding consortia sourced directly from

sediments. Initial energy-dispersive spectroscopy (EDS) analysis characterized this silicate
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phase as an aluminosilicate clay (Dekas, 2013). Further SEM-EDS analysis revealed the

presence of a texturally-massive Si-rich phase between Al-rich phases within the silicate
shell, interpreted as a silica cement binding detrital aluminosilicate clays to ANME-SRB
consortium exteriors (Chen et al., 2014). Alkalinity produced by AOM was proposed to
drive diatom frustule dissolution via increased pH of porewater, followed by Si
precipitation on ANME-SRB consortium exteriors due to interactions with adsorbed metal

cations such as Al (Chen et al., 2014).

The hypothesis that silica precipitation on ANME-SRB consortia is enhanced by
alkalinity-driven silica leaching is notable in that it implies prokaryotic silica
biomineralization occurring in porewater undersaturated with respect to amorphous silica,
an understudied process about which little is known. Previous research on prokaryotic
silica and silicate biomineralization has focused predominantly on phases precipitated from
solutions supersaturated with respect to amorphous silica (Phoenix et al., 2002, 2003; Yee
et al., 2003; Lalonde et al., 2005; Hugo et al., 2011) or on cell-associated clay or clay-like
phases rich in Fe and Al (Ferris et al., 1987; Konhauser et al., 1993, 1994; Mera and
Beveridge, 1993; Kohler et al., 1994, 1999; Urrutia and Beveridge, 1994; Konhauser and
Urrutia, 1999; Fein et al., 2002). Experimental work examining precipitation from
supersaturated Si solutions demonstrated most precipitation to occur in solution abiotically,
independent of the presence of bacterial cells (Yee et al., 2003) (Phoenix et al., 2003; Yee
et al., 2003). In experiments examining silicate precipitation in solutions undersaturated
with respect to amorphous silica, the coating of Bacillus subtilis cell surfaces by synthetic

iron oxides was required to adsorb significant Si to cells (Fein et al., 2002), producing
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silicate precipitates rich in Fe and/or Al on cell surfaces, similar to some phases

observed attached to cells sampled from sediments (Konhauser et al., 1993, 1994; Kdhler et
al., 1994; Konhauser and Urrutia, 1999). However, in these experiments, control
incubations in which the iron oxide coating was added alone removed significant Si from
solution, indicating the interaction between Fe and Si occuring at the cell surface is
unlikely to have any biotic influence. These experimental results are consistent with
previous work demonstrating that in the presence of Al or Fe oxides or clay minerals, Si
solubility is considerably reduced from Si solubility with respect to amorphous silica

(Siever and Woodford, 1973; Iler, 1979).

Surprisingly, silicate phases observed on ANME-SRB consortium exteriors are Fe-
and Al-poor (Dekas, 2013; Chen et al., 2014), and sediment porewaters are often below
theoretical silica saturation (~1170 uM at pH 8, 4° C (Gunnarsson and Arnérsson, 2000))
due to interactions with Al from detrital clays (Van Cappellen and Qiu, 1997; Dixit et al.,
2001; Michalopoulos and Aller, 2004; Tréguer and De La Rocha, 2013). For context,
methane seep sediment porewater [Si] has been measured at ~400 uM (Zabel et al., 2008).
Any model explaining precipitation of Si-rich silicate phases on ANME-SRB consortium
exteriors must therefore depart from current understandings of prokaryotic silicate
biomineralization developed through examination of cell-associated Fe- and/or Al-rich
clay-like phases or silicate precipitation occurring under conditions supersaturated with

respect to amorphous silica.

To date, observations of silicate phases adhered to ANME-SRB consortia have

been acquired from samples isolated directly from clay-rich seep sediments (Dekas et al.,
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2009; Zhang et al., 2010, 2011; Dekas, 2013; Chen et al., 2014), preventing clear

discrimination of active, biologically-mediated precipitation from passive attachment of
phases to cell exteriors. The latter process is a null hypothesis at once important and
challenging to reject, as passive abiotic attachment can result in intimate spatial association
between minerals and cell exteriors (Glasauer et al., 2001), confounding textural analysis in
the absence of additional geochemical or microbiological constraints on porewater

composition or cell growth.

Here we attempted to investigate the proposed hypotheses (Dekas, 2013; Chen et
al., 2014) of ANME-SRB consortium-mediated silicate precipitation through direct
microscopy and analysis of the exteriors of active ANME-SRB consortia separated from
methane seep sediments and maintained in laboratory incubations in media with [Si] below
the threshold for abiotic silica precipitation or Si adsorption to preexisting, consortium-
attached aluminosilicates. We found the growth of abundant Si-rich phases embedded in
EPS and attached to ANME-SRB consortium exteriors with compositions (1) significantly
Si-enriched relative to the Si content of the original source sediment and (2) similar to
those of silicate phases found adhered to ANME-SRB consortia sourced directly from
diverse seep sediment. These observations demonstrated de novo growth of a Si-rich
silicate phase from solutions undersaturated with respect to amorphous silica, and
suggestive of bona fide silicate biomineralization mediated by ANME-SRB consortia both

in culture experiments and in a diversity of methane seep sediments.
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MATERIALS AND METHODS

Sample Collection and Processing

Sediment samples analyzed in this study were collected by push coring using the
submersible HOV Alvin of the R/V Atlantis from 2 seafloor methane seep sites, in the Eel
River Basin (AT 15-11, October 2006) and off the coast of Costa Rica (AT 37-13, May
2017), and by the ROV Doc Ricketts of the R/'V Western Flyer from a seafloor methane
seep site in Santa Monica Basin (October 2013). Push core (PC) samples PC14 and PC15
from Alvin dive AD4254 (AT 15-11) were collected from a microbial mat proximal to an
active methane seep site 520 m below sea level (mbsl) on the Northern Ridge of Eel River
Basin (40.786533, -124.5951). Samples from the Costa Rica Margin (AT 37-13) were
obtained during Alvin dive AD4912 from a microbial mat (PC 6) collected at 1811 mbsl in
the Jaco Scar submarine landslide (9.1163, -84.8372). Samples from Santa Monica Basin
were covered in a microbial mat at a seafloor methane seep site (33.788835, -118.668298)
at 863 mbsl during DR 459 (PC 43). In all cases, samples were processed shipboard by
extruding sediment upward from the push core liner and sectioning sediment at 3 cm
intervals. Subsamples of sediment were frozen at -80° C, PFA-fixed for microscopy, or
sealed in Ar-sparged mylar bags and stored at 4° C for laboratory-based microcosm

experiments.

Carbonate rock samples analyzed in this study were collected using the robotic arm
of HOV Alvin from a seafloor methane seep site in the Jaco Scar off the coast of Costa Rica
during the R/V Atlantis cruise AT42-03. Sample #10860 was collected from a warm (6° C)

seep site at 1784 mbsl (9.117783, -84.839512), and processed shipboard by placing in a
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mylar bag filled with Ar-sparged, filter-sterile seawater collected by Niskin bottle. The

mylar bag was supplied with CH4 and stored at 4° C for laboratory-based microcosm

experiments.

Percoll Separation

Using a modified protocol from (Orphan et al., 2001a), separation of ANME-SRB
consortia from bulk sediment for downstream microscopy or cultivation was performed
using a Percoll (Sigma-P1644) density gradient on an aliquot of seep sediment. Cells for
microscopy were initially fixed by incubating a ImL aliquot of sediment with 4%
glutaraldehyde overnight at 4° C, and were subsequently disaggregated from bulk sediment
by sonication for 3 x 10-second intervals on ice using a Branson Sonifier 50 with a power
output of 4 W. Cells for downstream sediment-free incubation were not fixed but were also
sonicated. A 1 mL aliquot of sonicated sediment was then pipetted onto 500uL of a 100%
Percoll density gradient and centrifuged at 18000 x G for 30 minutes at 10° C using a
Beckman-Coulter Microfuge 18 centrifuge. The supernatant (~1 mL) was then pipetted into
250 mL 1X PBS in a filter tower and vacuumed through a 5 um polyethersulfone (PES)
filter until ~50 mL solution remained in the tower, which was then diluted by ~200 mL 1X
PBS added to the tower. Repeated filtration and dilution by 1X PBS was performed 3
times. We calculated this dilution and filtration to remove 99.2% of the 500 pL Percoll
(initially containing 0.43 umol Si (G.E. Healthcare Life Sciences, 2018)) present in the

density separation supernatant, with the final filtration step yielding a 1 mL aliquot used for
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downstream microscopy. Final [Si] from Percoll was calculated to equal 3.4 uM.

Inoculum for the sediment-free incubation experiments was prepared from source sediment
using the consortium extraction protocol described above, with the omission of the initial
glutaraldehyde fixation step. Percoll separation for sediment-free incubation experiments

was performed in a Coy anaerobic chamber with an 97% N,, 3% H, atmosphere.

Bottle Incubations

To enrich for ANME-SRB consortia, seep sediments were homogenized with 0.2
um filter-sterilized, Ar-sparged deep seawater sampled at to the sampling site and placed in
N»-sparged Pyrex bottles sealed with butyl rubber stoppers. Aliquots from anaerobic
Percoll separation to enrich ANME-SRB consortia for sediment-free incubation (see
above) were mixed with N»-sparged artificial seawater (media composition from Scheller,
et al. 2016) and placed in Ny-sparged serum vials with butyl rubber stoppers. Carbonate
samples were also placed in Pyrex bottles together with filter-sterile N»-sparged seawater.
All incubations were supplied with a CH4 headspace pressurized to ~2 atm. These anoxic
incubations were maintained in the dark at 10° C with partial exchange of spent media with
the addition of 0.2 um filter-sterilized Ar-sparged seawater and CHy4 every 3 months.
Sediment-free incubations were maintained in these conditions over the course of ~3 years.
Sulfate-reducing activity during the course of the incubations was measured using a

modified Cline assay (Cline, 1969).



Fluorescence in situ Hybridization and Epifluorescence Microscopy o
Conventional fluorescence in situ hybridization (FISH) with a single fluorophore on
the 5° end was used to identify ANME-SRB consortia for analysis of consortium exteriors.
Here, Percoll-separated AOM consortia were filtered onto 0.2 pm (25 mm) EMD Millipore
white polycarbonate filters (Code GTTP) and incubated in 50 uL hybridization buffer for
24 hr at the appropriate formamide stringency, following published protocols (Pernthaler et
al., 2001). Percoll separation was only performed on samples from sediment-bearing
incubations. Carbonate samples were cut by a rock saw for downstream microscopy. In this
study, we used probes targeting Archaea (Arch915; (Stahl and Amann, 1991)), ANME-2
(Eel932; (Boetius et al., 2000)), ANME-2a/b (Treude et al., 2005), and SRB (DSS658;
(Boetius et al., 2000)). 4’ ,6-diamino-2-phenylindole (DAPI) was applied as a counterstain,
and hybridized samples were illuminated using an XCite Series 120Q fluorescence source
and imaged with a Qimage QIClick camera attached to an Olympus BX51 epifluorescence
microscope with 60x (Olympus PlanApo N Oil, N.A. 1.42) and 100x (Olympus UPlan FL
N Oil, N.A. 1.30) objectives. Imaging software (cellSens Dimension) was used to acquire
images. Composites of epifluorescence images were produced using the image processing

software Q-Capture Pro 7.

Scanning Electron Microscopy

Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy

(EDS) of ANME-SRB consortia from sediment-free incubations immobilized on white
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polycarbonate filters or present in situ in carbonate crusts was performed and correlated

with optical microscopy. Additionally, sediment samples representing a range of diverse
seep sites were filtered onto 0.2 pum EMD Millipore white polycarbonate filters (Code
GTTP). Samples were Pd-coated (10 nm thickness) using a Cressington Sputter Coater
208HR and examined using a Zeiss 1550VP Field Emission SEM equipped with an Oxford
INCA Energy 300 X-ray EDS system. After SEM image acquisition, EDS mapping of
consortia was performed to characterize the spatial distribution of consortium-adhered
phases, and EDS point spectra were collected to determine the composition of consortium-
adhered phases. EDS data were also collected from non-consortium-associated phases as a
comparison. as well as the sediment from which these consortia were separated. SEM
images were acquired using an electron beam energy of 10 eV and EDS mapping and
spectra were acquired with an electron beam of 15 eV. Subsequent statistical analysis of

EDS-acquired compositional data was performed in R.

Transmission Electron Microscopy

ANME-SRB consortia were embedded in Technovit 8200 resin following
published protocols (McGlynn et al., 2018), and sectioned using a Leica Ultracut UCT
ultramicrotome fitted with a diamond knife. Sections were stained using the contrasting
agent osmium tetraoxide and subsequently imaged at UCSD using a FEI Spirit
transmission electron microscope operated at 120 kV with a Tietz TemCam F224 2K by

2K CCD camera.



Silicate Grain Size Estimate o
TEM micrographs depicting silicates attached to ANME-SRB consortia maintained
in sediment-free conditions were processed in Fiji/Image] 1.0 to estimate the size
distribution of these silicates. A TEM micrograph panorama was constructed using
Photoshop from 13 TEM micrographs (20 pm2 each) of a cluster of ANME-SRB
consortia. Pixels representing consortium-attached silicates from the TEM micrograph
panorama were isolated in Fiji/ImageJ 1.0 by thresholding a grayscale TEM micrograph
panorama to only capture pixels of value 0-131 (9.15% of pixels). The thresholded
micrograph was further processed using watershed analysis to quantify particle areas in the
image with areas 10-1000 pm” and circularity 0.5-1. Particle areas were used to estimate
particle diameters by assuming the particles approximated spheres, consistent with SEM

observations.

The diameter distribution of the 6060 identified particles from the micrograph was
used to estimate the true diameter distribution of consortium-attached silicates maintained
under sediment-free conditions. A Markov-Chain Monte Carlo approach implemented in
MATLAB was used to estimate the true distribution of particle diameters by simulating
observed particle diameters produced by random cross-sections of spherical particles
assuming a Gaussian size distribution. Particle diameter mean and variance were used as
input parameters by the Monte Carlo model which simulated an observed distribution of
particle cross-sections and compared these iteratively (10° Monte Carlo samples) to the

distribution observed via ImagelJ in the TEM micrograph panorama. The model converged
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on a particle size distribution of maximum likelihood by maximizing the log-likelihood

function for the Gaussian distribution.

Focused lon Beam and Electron Dispersive Spectroscopy

Consortium cross-sections were prepared using a focused Ga' ion beam (FEI Nova-
600) at the Kavli Nanoscience Institute, Caltech followed by EDS analysis of FIB-
sectioned consortia to acquire cross-sectional compositional variability of consortium-

attached silicates and consortium interiors.

Inductively Coupled Plasma Mass Spectrometry

[Si] was measured using an Agilent 8800 Triple Quadrupole ICP-MS . A Si
standard from Sigma-Aldrich (#15747) was used to calibrate the ICP-MS measurements
through a serial dilution procedure. This calibration curve was used to acquire precise
measurements for [Si] which were subsequently compared with calculated amorphous
silica saturation at temperature and pH conditions corresponding to those of present in
sediment-free conditions, using MATLAB and the equations of (Drever, 1988; Gunnarsson
and Arndrsson, 2000). Additionally, [Si] was compared to experimentally-determined
equilibria describing adsorption of Si to various aluminosilicate clays (Siever and

Woodford, 1973).
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Comparative Genomics

To explore potential mechanisms for mediation of silicate precipitation by members
of ANME-SRB consortia, metagenomes acquired from ANME-SRB consortia (Skennerton
et al., 2017) were used as a database to search for predicted proteins possibly involved in
condensation of orthosilicic acid to form the observed precipitate attached to ANME-SRB
consortia. An approach similar to that of (Scheffel et al., 2011) was used, in which a
metagenomic database is searched for predicted proteins possessing a sequence of amino
acids with residue frequencies suggestive of involvement in orthosilicic acid condensation.
Here, the python module biopython (Cock et al., 2009) was used to parse a metagenomic
database for proteins containing > 25% serine and > 20% lysine or arginine residues in a
sliding 30 amino-acid-long window, a criterion inspired by the amino acid composition of a
spore coat protein from Bacillus cereus known to be involved in silica precipitation
(Motomura et al., 2016). Candidate proteins selected by this criterion were then further
filtered using BLASTp for extracellular membrane-associated proteins. PSORTb 3.0 (Yu et

al., 2010) was used to predict signal peptide sequences in candidate proteins.

RESULTS

FISH-EM Imaging Reveals Silicates Attached to ANME-SRB Consortia

Correlated epifluorescence microscopy, SEM, and elemental mapping via EDS

(Figs. 1, S1) documented the presence of silicate phases on the exteriors of ANME-SRB
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consortia extracted directly from methane seep sediment samples (Fig. 1A-C) and

additionally revealed the presence of silicates distributed between consortia grown under
sediment-free conditions (Fig. 1D-0). Silicates appearing on consortia extracted directly
from sediments collected from seafloor methane seep sites of the Santa Monica Basin (Fig.
1B) were often difficult to distinguish under SEM from C-rich domains but were apparent
when elemental maps documenting the spatial distribution of C and Si were constructed
(Fig. 1C). Si-rich domains attached to ANME-SRB consortia extracted from methane seep
sediment samples appeared as massive phases intergrown with consortium exteriors (Fig.
1B). Occasionally, Fe- and S-rich domains with framboidal textures (putative pyrite)

appeared embedded in Si-rich domains (Fig. 1C).

AOM-active ANME-SRB consortia maintained in the laboratory for 3 years under
sediment-free conditions harbored biomass consisting of multiple clusters of ANME-SRB
consortia within EPS matrix (Figs. 1D-O, S1). Correlated epifluorescence FISH
microscopy and SEM-EDS revealed these intergrown cell clusters were embedded in a
matrix containing Si-rich phases and C (Figs. 1G-N, S1). These silicate phases were
attached to the exteriors of consortia and differed in appearance from those observed on
consortia sampled directly from sediment in their botryoidal habit, appearing as ~200 nm
spheres forming intergrown Si-rich masses (Figs. 1G-N). These masses display a range of
textural attributes, encrusting consortium exteriors (Fig. 2A,C), grading into smoother
features of lower porosity (Fig. 2A,B), occasionally hosting framboidal Fe- and S-rich

phases (Fig. 1N,0), and nearly or entirely enveloping consortia (Figs. 2A, S1H).
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Figure 1. Correlated epifluorescence (using FISH; A,D,I), SEM (B,E,G,J,N), and EDS
(C,F,H,K,M) images documenting the presence of silicate phases attached to ANME-SRB
consortium exteriors extracted from methane seep sediments from Santa Monica Basin (A-C), or
from sediment-free AOM consortia incubations (D-O). In ANME-SRB consortia extracted directly
from methane seep sediment samples, Si-rich domains between consortia are intergrown with
consortia exteriors (B, blue arrow). In the sediment-free incubation, silicates are present between
consortia which appear as clusters of dozens of ANME-SRB consortia, and have botryoidal,
authigenic textures (G, red arrow) and encrust ANME exteriors (G, orange arrow). These
botryoidal silicates were distinguishable from the rugose, C-rich consortium exteriors (white arrow)
they encrust. Additionally, Fe- and S- rich domains observed via EDS (C, O) correlate with
framboidal textures observed in SEM imagery (B, N, yellow arrows).

An ultrathin section of consortia biomass imaged by TEM (Fig. 2D) further
revealed the textural characteristics of Si-rich phases with a particle size distribution of
230+62 nm (n = 6060) by image processing and Monte Carlo simulations. These sub-
micron scale Si spheres were localized between multiple ANME-SRB consortia, embedded
in the less coherent mineral-organic matrix adhering consortia to each other in a larger

(~200 pum) biofilm.

Silicate Composition via EDS and FIB-EDS

EDS was used to compare the elemental composition of consortium-attached
phases to free silicate phases (predominantly, clay particles) in the sediments from which
ANME-SRB consortia were extracted. Elemental compositions, reported as weight percent
of each element, were converted to atom percent to aid in phase identification. Phases
attached to consortia extracted from both sediment-containing and sediment-free
incubations are typically ~5-20 atom % Si, ~0-5% Al, and ~0-5% Fe (Fig. S2), but the raw

atom % calculated from EDS data underrepresents Si, Al, and Fe due to high C and O
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Figure 2. SEM imagery documenting the texture of silicate phases attached to ANME-SRB
consortia grown under sediment-free conditions reveals the common appearance of these phases as
~200 nm botryoidal subspherical particles intergrown (A-B, white arrows) and encrusting consortia
(A,C, white arrows). TEM imagery of a cross-section of a consortium cluster (D) demonstrates the
distribution of this phase between consortia (red arrows), allowing for a quantitative estimation of
sphere particle size (230+£62 nm; Fig. S7).

signal from the associated biomass. To reduce this analytical bias, the data were analyzed
as elemental ratios (atom % per atom %) which are unbiased by an abundance of C or O
due to proximity to biomass (Fig. 3). The ratio of elements typically found in octahedral
sites (Mg + Al + Fe) of clays to Si was also calculated, and revealed most consortium-
attached phases to have more than 2 Si per octahedral cation. A one-way ANOVA test

determined the elemental ratios between consortium-attached phases and the sediment
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Figure 3. EDS-acquired compositional data of ANME-SRB consortium-attached silicates extracted

directly from sediments or grown under sediment-free conditions compared with the range of
compositions of silicates in the sediment from which the samples were drawn demonstrates the

statistical significance (One-way ANOVA test, ***: p<0.001, **: p<0.01, *: p<0.05, N.S.: p>0.05)

of compositional differences between consortium-attached silicates and source sediment due to

significant Si enrichment in consortium-attached silicates. This enrichment is incompatible with the

precipitation of stoichiometric clay, shown in the upper panel, which should have an octahedral

cation : Si ratio greater than 0.5. Reference ideal clay mineral compositions taken from (Moore and

Reynolds, 1997); chlorite omitted from bottom panel as ideal chlorite Al/Si > 1.25.
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samples from which consortia were extracted were all statistically significant in all

samples (Fig. 3). Notable, elemental compositions of phases attached to consortia grown
under sediment-free conditions (originally extracted from Santa Monica Basin methane
seep sediments) were compositionally similar to those found attached to consortia

recovered directly from those sediments by several elemental ratios (p > 0.05).

Using a focused ion beam (FIB), a cross-section through the center of a FISH-
identified ANME-2—DSS consortium was prepared and subsequently analyzed by EDS.
Data showed organic-rich interior with abundant C and N, with a Si-enriched phase on
consortia exteriors in cross-section (Fig. 4). Si, Al, and Fe atom % measurements on the
consortium exterior are comparable to those measured in non-sectioned consortia.
Additionally, (Mg + Al + Fe) : Si measured on silicates attached to the FIB-sectioned
consortium were similar to the measurements of this ratio on non-sectioned consortia,

ranging between 0.25-0.29, or greater than 4 Si per octahedral cation.

ICP-MS

Si concentrations in the seawater media from the sediment-free incubations were
low (1.22 + 0.19 uM), as measured by ICP-MS (Fig. S5). Calculations of silica solubility at
the pH (buffered to pH 8) and temperature (10° C) conditions present in sediment-free
incubations demonstrated the sediment-free incubation media to be significantly
undersaturated with respect to amorphous silica and equilibrium adsorption of Si to clay

minerals.
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Figure 4. Correlated FISH and SEM micrographs of an ANME-SRB consortium (ANME-2, pink,
stained by probe Eel 932; SRB, green, probe DSS 658) sectioned subsequent to epifluorescence
microscopy by Ga' FIB (after Dekas, 2013). Chemical analysis of a transect of this cross-section
reveals consortium-attached silicate compositions similar to those measured on non-sectioned
consortia, with Si enrichment relative to the source sediment inconsistent with stoichiometric clay
compositions (octahedral cation : Si= 1 : 4).



Seep Carbonates Contain C-rich Domains with Si-rich Margins v
Epifluorescence microscopy and SEM imaging of a sample of seep carbonate
recorded ~10-20 pm diameter aggregates of cocci stained by DAPI (Fig. 5A). FISH
hybridization of these aggregates failed, potentially due to high background fluorescence
from the carbonate matrix. These aggregates were common in the carbonate matrix,
appearing particularly concentrated near or in vugs, cracks, or other porous features within
the seep carbonate. These aggregates displayed a similar morphology to one another, with a
bimodal distribution of cell sizes, larger cells located in the center of aggregates, and
smaller cells near aggregate margins. SEM imaging of this seep carbonate sample
documented electron-dense domains with similar morphology and spatial distribution to
that observed for the DAPI-stained aggregates (Fig. 5B), although correlated fluorescence
microscopy and SEM was not performed. EDS analysis of these electron-dense domains
revealed them to be more C-rich than the carbonate matrix, and also surrounded by

elevated Si concentrations (Fig. SC-E).

Community Analysis

To determine the microbial community composition in the Si precipitating-AOM
incubations, 16S rRNA amplicon sequencing was performed. 16S rRNA amplicon
sequencing data from the sediment-free AOM incubation after 3 years of enrichment
revealed a high proportion of reads (OTUs clustered at a 97% similarity) affiliated with

ANME-2a/b (40% of total reads) and previously-established partner organism SEEP-SRB1
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C

Figure 5. Epifluorescence microscopy (A) and SEM-EDS (B-E) imaging of putative ANME-SRB
consortia embedded in seep carbonate. Microscopy (A) revealed the presence of many DAPI-
stained microbial aggregates with morphology highly similar to that previously observed for
ANME-SRB consortia embedded in carbonate (cf. Marlow, et al. 2014). SEM imaging of this seep
carbonate sample documented the presence of several electron-dense (B) domains of similar size,
morphology, and distribution as those of putative ANME-SRB consortia as observed by
epifluorescence microscopy, although direct correlative imaging was not performed. EDS mapping
of these putative ANME-SRB consortia revealed high Si concentrations localized to the exterior of
these putative consortia (D, white arrows).

(15%; Figure S6). Other SRB detected in these incubations include SEEP-SRB2 (0.7% of
total reads) and Desulfobacula (0.8% of total reads). While ANME-2a/b were the dominant
archaeal group detected, minor contributions from methanogenic Methanococcoides (2% of

archaeal reads) and from members of the class Thermoplasmata (6% of archaeal reads)
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were also detected, while bacterial lineages associated with the the Chloroflexi (1% of

total reads), heterortophic MBGD, and the Planctomycetes (2% of total reads).

Comparative Genomics

A search for predicted proteins containing serine- and lysine-/arginine-rich
sequences was performed using a database of ANME and SRB genomes, followed by a
search for similar proteins using BLASTp. The first part of the search was implemented in
Python, using a sliding window of variable size to search for domains of any given ORF
within the genome with a count of serine, lysine, and/or arginine residues within this
window above a threshold. Of many candidate proteins uncovered during this search
process, one predicted protein (NCBI Accession OEU44463) associated with metagenome-
assembled genome bin from Santa Monica Basin (Desulfobacterales sp. S7086C20
(Skennerton et al., 2017)) affiliated with the SEEP-SRB1, clade of sulfate-reducing
partners of ANME (Schreiber et al., 2010; Skennerton et al., 2017) with a particularly
serine- and arginine-rich C-terminal sequence was found. Further analysis via BLAST
revealed the identity of this protein as a member of the DUF3300 family of hypothetical
membrane proteins, and was also predicted by PSORTb 3.0 (Yu et al., 2010) to have a

signal peptide suggesting extracellular localization.
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DISCUSSION

Previous research documented the presence of silicates with authigenic textures on
the exterior of ANME-SRB consortia (Dekas, 2013; Chen, et al., 2014), but it was not clear
to what extent these phases represented the product of active microbially-mediated
precipitation as has been suggested, rather than passive attachment of silicates to ANME-
SRB consortia by abiotic processes. To investigate this, we examined silicates attached to
the exterior of ANME-SRB consortia grown under sediment-free conditions and compared
these phases with those attached to ANME-SRB consortia extracted from methane seep
sediments. Correlated epifluorescence microscopy and SEM-EDS imaging revealed the
presence associated with Si-rich phases on ANME-SRB consortia (Fig. 1). These phases
appeared intimately associated with consortium exteriors, sometimes intergrown with a C-
rich matrix between consortia interpreted extracellular polymers. EDS-acquired
compositional data of these Si-rich phases display compositions consistent with the
interpretation of these phases as a silicate precipitate. Notably, consortium-attached
silicates differ significantly (one-way ANOVA test, p <0.01) from the composition of
detrital silicates in the sediments from which they were sourced (Fig. 3) due to the Si-
enriched nature of the consortium-attached silicates. When the elemental composition of
consortium-attached silicates was examined using the ratio of elements typically found in
octahedral sites of clay minerals (Mg, Al, Fe) to Si, it is clear that a majority of consortium-
attached silicates are more enriched in Si than known clay mineral compositions. The most
Si-rich clay possible (e.g. montmorillonite, (Na,Ca)o 33(Al, Mg)2(S14010)(OH), - nH,0), in
which the ratio of tetrahedral to octahedral sheets is 2:1 and Si occupies all tetrahedral sites,

could only have a octahedral cation to Si ratio of 0.5 (Moore and Reynolds, 1997);
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however, most consortium-attached silicates have octahedral cation: Si ratios < 0.5

(0.40 + 0.39, Fig. 3). In contrast, most compositional measurements of terrigenous detrital
silicates in methane seep sediment samples from which consortia were extracted have
octahedral cation : Si ratios of ~0.75 (0.82 + 0.51), consistent with clay minerals. Notably,
the silicates attached to ANME-SRB consortia from our work are significantly more Si-rich
than cell-attached silicates previously used as a model for silicate precipitation aided by Fe
or Al adsorption on cell walls ((Konhauser and Urrutia, 1999); Fig. S3). EDS performed
along a transect of a FIB-sectioned ANME-SRB consortium corroborated observations of
silicates attached to intact consortia recovered directly from seep sediments (Fig. 4). EDS
elemental analysis along the transect supports the presence of silicates attached to external
surfaces, as Si enrichment at consortium edges transitions to C and N-rich domains toward

consortium interiors.

These observations, consistent with previous study of silicate phases attached to
ANME-SRB exteriors, demonstrate to a high degree of statistical significance that ANME-
SRB consortia extracted directly from seep sediments recruit Si to consortium exteriors,
producing authigenic Si-rich silicate precipitates significantly Si-enriched relative to the
silicates present in their host sediment. The Si-rich compositions of these phases stand in
contrast to silicates observed attached to microbial exteriors in previous experiments in
which Fe or Al adsorption to cell surfaces recruits Si from solutions rich in dissolved Si
(>150 uM), producing Fe- and/or Al-rich phases (Fig. S3 (Ferris et al., 1987; Konhauser et
al., 1993, 1994; Mera and Beveridge, 1993; Kohler et al., 1994, 1999; Urrutia and

Beveridge, 1994; Konhauser and Urrutia, 1999; Fein et al., 2002)). Previous work
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describing ANME-SRB consortium-attached silicates, postulated a role for Al

adsorption to ANME-SRB cell exteriors in mediating silicate precipitation (Chen et al.,
2014), a mechanism which has only been shown to produce Fe- and/or Al-rich phases
attached to cell exteriors (Urrutia and Beveridge, 1994; Konhauser and Urrutia, 1999).
Additionally, Al-adsorption to cell exteriors has only been demonstrated to interact with
silicate precipitation in media with sufficient dissolved Si ([Si] > 150 uM) to drive abiotic
silicate precipitation, obscuring the degree of biologically-mediated silicate precipitation
(Urrutia and Beveridge, 1994; Konhauser and Urrutia, 1999). The significant compositional
difference between Si-rich silicates observed here attached to ANME-SRB consortia and
that of cell-attached silicates produced by interactions between Fe and/or Al adsorbed to
cell surfaces (Fig. S3; (Konhauser and Urrutia, 1999)) suggests other processes may be
involved in the precipitation of Si-rich silicates on ANME-SRB consortium exteriors.
However, the degree to which silicate precipitation onto ANME-SRB consortia sourced
directly from sediments is biologically controlled was difficult to assess without additional
constraints on porewater geochemistry, as sufficiently high [Si] could possibly catalyze
abiotic precipitation of authigenic silicates. Previous observations of ANME-SRB
consortium-attached silicates from the South China Sea (Chen et al., 2014) were collected

from incubation samples with no constraints on porewater [Si] (Zhang et al., 2010, 2011).

We were able to test the hypothesis that ANME-SRB consortia are capable of
removing Si preferentially from solution, producing Si-rich silicate precipitates on
consortium exteriors by analyzing a sediment-free incubation of ANME-2b—DSS

consortia anaerobically prepared from methane seep sediments of Santa Monica Basin
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using Percoll-based density separation. After 3 years of sediment-free incubation under

AOM conditions enriching for the growth of ANME-SRB consortia, correlated
epifluorescence microscopy and SEM-EDS analysis documented large clusters consisting
of dozens of ANME-SRB consortia embedded in a Si-rich matrix that, under SEM,
consisted of ~200 nm Si spheres intergrown with rugose, C-rich domains interpreted as
EPS (Figs. 1G,H, IN,0, 2A-C, S1). Occasionally, framboidal Fe- and S-rich domains were
observed in this matrix, likely framboidal pyrite or other iron sulfide phases produced
during active, sulfate-coupled AOM. The growth habit of clusters of many AOM consortia
held together by a mineral-organic matrix contrasts with the appearance of consortia
extracted directly from sediment by standard sonication- and density separation-based
techniques, the latter typically appearing in epifluorescence microscopy as single consortia
of 50-5000 cells (Boetius et al., 2000; Orphan et al., 2001b, 2002). Notably, the
polyconsortium clusters observed here (Figs. 1D-O, 2, S1, S4), sourced from sediment-free
incubations were observed without the sonication, density separation, and filtration steps
necessary to extract consortia directly from sediment, steps that may bias observations
against such clusters in situ. TEM observations of consortia grown under sediment-free
conditions corroborated SEM-EDS images, revealing the presence of abundant 230+62
nm-diameter subspherical particles between consortia, and confirming the presence of these
silicate phases throughout consortium clusters (Fig. 2D). We were initially concerned that
some portion of these phases may represent Percoll contamination, but calculations based
on the abundance of consortium-attached silicates and estimated total ANME-SRB biomass
in these incubations precluded the introduced Si from Percoll as a sufficient source of Si for

the consortium-attached silicates. Additionally, the size distribution of these subspherical
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silicate particles eliminates the possibility of significant Percoll contamination which is

represented by colloidal silica particles of diameter 15-30 nm (G.E. Healthcare Life

Sciences, 2018).

Observations of silicates distributed between consortia grown under sediment-free
conditions are consistent with previous observations (Chen et al., 2014), which were
collected from consortia sampled directly out of sediment without use of Percoll density
separation, suggesting this silicate precipitation to be a biological phenomenon of ANME-
SRB consortia, rather than an artifact of the consortia enrichment procedure. We further
analyzed the process of silicate precipitation by ANME-SRB consortia using a model
describing growth of consortia within EPS using consortium doubling times of 3-9 months
taken from the literature (Girguis et al., 2005; Nauhaus et al., 2007; Dekas et al., 2009;
Meulepas et al., 2009; Orphan et al., 2009). Assuming consortia clusters observed after 3
years of incubation had increased exponentially from a small number of starting consortia,
the consortium counts in a larger cluster from epifluorescence data (Fig. S4) were used to
constrain the maximum number of consortia present at t = 0 that could have produced the
observed consortium number after 3 years of incubation (Fig. 6). The model demonstrates
that significant consortium growth over 3 years is required for even the longest generation
times (9 months). Therefore, the Si-rich phases observed in the extracellular matrix
between consortia must have developed subsequent to inoculation, as the majority of
consortia embedded within these phases are required by reasonable doubling times to have
grown subsequent to inoculation. Measurement of [Si] in sediment-free incubation media

post-incubation via I[CP-MS, 1.2 £ 0.2 uM, precluded abiotic mechanisms of Si enrichment
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of consortium-attached silicates, as a [Si] of 1.2 uM was below concentrations

previously reported to drive was too low to drive either amorphous silica precipitation
(~1000 uM) or Si adsorption on pre-existing consortium-attached silicates (>200 uM
(Siever and Woodford, 1973); Fig. S5). Silicon concentrations in sediment-free incubations
are also inconsistent with silicate precipitation associated with the initial gradient
separation, as such precipitation again would only occur with Percoll-introduced [Si] above
Si clay adsorption equilibria (Siever and Woodford, 1973), far above the ~3 uM of Percoll-

associated [Si] estimated to be introduced during the initial gradient separation.
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Figure 6. A model calculating initial ANME-SRB consortium number required to produce a given
number of consortia observed after 3 years of sediment-free incubation indicates that for previously-
calculated consortium doubling times (Girguis et al., 2005; Meulepas et al., 2009; Nauhaus et al.,
2007), even the largest consortium clusters must have grown from a small percentage of their
current number, assuming consortia observed in a cluster grew from a smaller number of consortia.
Thus, silicates observed between consortia must have grown subsequent to inoculation, from media
undersaturated with respect to amorphous silica and Si adsorption on aluminosilicate clays (S5).
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Together, these lines of evidence disprove the null hypothesis that consortium-attached

silicates formed due to passive attachment of detrital silicates on ANME-SRB consortium
surfaces or via known mechanisms of abiotic silicate precipitation from solution, implying
active local removal of Si from solution during AOM by ANME-2—SRB consortia and

suggestive of bona fide silicate biomineralization by ANME-SRB.

The biological mechanism used by ANME-SRB consortia to catalyze orthosilicic
acid condensation is currently unknown. Prokaryotic silicate biomineralization of Si-rich
phases in undersaturated conditions has been previously observed in experiments
examining the Si-bearing spore coat of the Bacillus subtilis (Motomura et al., 2016). In this
gram-positive bacterium, condensation of dissolved orthosilicic acid was demonstrated to
be catalyzed by a particularly serine- and arginine- rich sequence of a spore coat protein
(Motomura et al., 2016). The zwitterionic nature of this sequence is similar to that of
silacidins and silaffins, proteins that contribute to silica precipitation in diatoms serine- and
lysine-rich proteins thought to contribute to silica precipitation in diatoms (Kroger et al.,
2001; Wenzl et al., 2008; Richthammer et al., 2011). Following previous work attempting
to find silaffin-like proteins in diatom genomes (Scheffel et al., 2011), we performed a
search through our seep metagenome database to find proteins with similar, C-terminal
zwitterionic sequences rich in serine and lysine or arginine residues. One serine- and
arginine-rich hypothetical protein was found in association with a Deltaproteobacteria
(SEEP-SRBI1) partner of ANME (Desulfobacterales sp. S7086C20, NCBI accession
OEU44463; (Skennerton et al., 2017)) predicted to be membrane-associated and localized

to the cell surface. Additional support for the extracellular localization of this protein was



188
suggested by the prediction of a hydrophobic DUF3300 domain in the protein. Related

proteins with serine- and lysine/arginine-rich C-terminal sequences were also detected in
other Desulfobacterales (Desulfobacterales bacterium SG8 35 2, NCBI accession
KPK26241.1) and additional members of the Deltaproteobacteria, including Geobacter
uraniireducens Rf4 (NCBI accession WP_011939518.1) may be candidates for
investigating the degree to which this group of membrane proteins may be involved in
silicate biomineralization via interactions between its C-terminal zwitterionic sequence and

dissolved orthosilicic acid.

Another notable example of prokaryotic silicate biomineralization with potential
relevance to the ANME-SRB syntrophy is the potential link between extracellular Fe
reduction of iron-rich clays and concomitant silica precipitation. Observations of silica
precipitation in media undersaturated with respect to amorphous silica were reported from
experiments in which silica precipitation occurred during the reductive dissolution of Fe-
rich clay minerals by iron- and sulfate-reducing bacteria (Dong et al., 2003; Li et al., 2004;
O’Reilly et al., 2005; Furukawa and O’Reilly, 2007; Zhang et al., 2007) (Li et al., 2004).
Here, silica precipitation was proposed to occur through the activity of polyamines, long-
chain forms of which (>7 aminopropyl units) have been proposed to play an important role
in silica precipitation in diatoms (Krdger et al., 2000; Belton et al., 2008) and have been
shown to precipitate silica in undersaturated conditions from silica oligomers (Patwardhan
et al., 2011). Long-chain polyamines, structurally-similar to thermospermine (Krger et al.,
2000), have been proposed to be synthesized in diatoms by aminopropyl transferases with a

conserved GGGE motif (Michael, 2011). Prokaryotic aminopropyl transferases with a
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conserved GGGE motif related to those in diatoms (Minguet et al., 2008) also produce

longer-chain and branched polyamines >4 aminopropyl units long (Hamana et al., 1991;
Knott, 2009; Ohnuma et al., 2011). We searched existing ANME-SRB metagenome data
for aminopropyl transferases homologous to those known to produce long-chain
polyamines. However, no ANME or SRB genome contained homologous aminopropyl
transferases; the only homologous sequence was an aminopropyl transferase from a

reconstructed Dehalococcoides from methane seeps.

Although the biochemical mechanism catalyzing silicate precipitation mediated by
ANME-SRB remains uncertain, observations of silica precipitation resulting from
interactions between Fe- or sulfate-reducing prokaryotes and clays may give insight into
possible sources of Si precipitated in phases attached to consortium surfaces. Recent
evidence strongly suggests ANME performs direct electron transfer to SRB partners
through multiheme cytochrome complexes (McGlynn et al., 2015; Wegener et al., 2015),
and ANME have been shown to use insoluble Fe, Mn oxides and soluble electron shuttles
as electron acceptors (Beal et al., 2009; Sivan et al., 2014; Ettwig et al., 2016; Scheller et
al., 2016; Leu et al., 2020). These extracellular electron transfer models of ANME-SRB
syntrophy are similar to direct electron transfer by organisms such as Shewanella
oneidensis and Geobacter sp. shown to be capable of reducing clay-bound iron with
concomitant removal of Si from clays, driving silicate precipitation in undersaturated
conditions as discussed above (Dong et al., 2003; O’Reilly et al., 2005; Furukawa and
O’Reilly, 2007; Zhang et al., 2007). The poorly-understood process of silica precipitation

occurring as a result of clay interactions with various Fe- and sulfate-reducers could
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possibly explain observations of consortium-attached silicates and iron sulfide: silicate

precipitation could be driven by auxiliary Fe-reduction of clay-bound Fe by consortia,
either by direct transfer of electrons by protein complexes or redox-active shuttles to clays
adhered to consortium exteriors or through indirect reduction via sulfide oxidation.
However, silica precipitation driven by clay dissolution alone would imply by mass balance
the presence of an equally-abundant Al-enriched clay residue in our experiments. While we
do not observe such phases attached to ANME-SRB consortium clusters in our
experiments, previous study of the mineral products of dissimilatory reduction of iron-
bearing clay minerals (O’Reilly et al., 2005) as well as previous study of the mineralogy of
silicates attached to ANME-SRB consortia (Chen, et al 2014) documented such Al-rich
residues, which in the latter study were identified by TEM as Al-rich silicate crystals of
kaolinite and/or nacrite (both Al,Si,0s(OH),). Future work is necessary to parse the extent
of direct silica precipitation from media vs. precipitation via proximal clay dissolution, as

this will help resolve these competing hypotheses.

The presence of silicate phases precipitated on consortium surfaces and between
consortia suggests the purpose of these phases may be to give structure to consortium
exteriors or to polyconsortium clusters as those observed here in sediment-free incubations.
If these polyconsortium clusters exist as a major mode of consortium growth in vivo,
authigenic silicates may ensure the ability for consortia to share resources, as has been
observed within consortia for N,-fixation (Dekas et al., 2009; Dekas et al. 2016; this thesis,

Chapter 1). It remains unknown, however, if the cluster mode of consortium growth is
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present in environmental settings; examining positions of consortia directly within the

sediment matrix is a promising direction of future research.

The mode of prokaryotic silicate biomineralization described in this study may be
additionally important for the preservation of organic carbon in the rock record. Authigenic
silicates are well-known to provide excellent preservation potential in rocks of all ages,
providing early occlusion of pore space which protects organics from degradation (Callow
and Brasier, 2009; Newman et al., 2016). Early silicate cements are important in fossil seep
carbonates spanning the Phanerozoic, where silica appears as fibrous and botryoidal
cements replacing aragonite or cryptocrystalline void-filling cements (Peckmann et al.,
2002; Himmler et al., 2008; Kaim et al., 2008; Kuechler et al., 2012; Smrzka et al., 2015;
Miyajima et al., 2016). Early silica precipitation in seep carbonates can entomb organics; in
one striking example, preservation of vestimentiferan tube worm chitin by early silicate
cements in Late Cretaceous (Campanian) seep carbonates of Japan has been documented
(Hikida et al., 2003). In rare cases, silicate cements from both fossil (Miyajima et al., 2016)
and modern (Kohler et al., 1999) seep carbonates have even been observed to trap CHy4 in
hydrate minerals, suggesting silicate cementation concomitant with CHy4 production

(Lazzeri et al., 2017).

Here, we document in seep carbonate samples the presence of Si-rich phases
localized to the margins of C-rich domains (Fig. 5). Although we could not exactly
correlate these features between SEM and epifluorescent microscopy, these C-rich domains
share morphology and spatial distribution with those of DAPI-stained aggregates with

morphology suggestive of ANME-SRB consortia (Fig. 5A). On the basis of these
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observations, we hypothesized that these domains represent ANME-SRB consortia that

precipitated silicates on consortium exteriors. We further speculated that the precipitation
of silicates on the exteriors of these putative ANME-SRB consortia served to preserve their
biomass. Our hypothesis could be tested by measurement of the carbon isotope
compositions of these domains by SIMS. If this hypothesis is confirmed, these features
would then present a useful search image for ANME-SRB consortia preserved in fossil

seep carbonates.

The importance of early silicate cementation in seep carbonates and in siliciclastic
sediments more broadly (Newman et al., 2016) for non-mineralized tissue preservation in
the rock record raises the question of the degree to which understudied prokaryotic silicate
biomineralization may interact with this process. Silica-precipitating diatom silaffin
sequences are highly divergent, implying the evolution of zwitterionic peptides as a method
for biological control of silicate mineralization to have occurred multiple times, further
demonstrated by the silicate-precipitation activity of a Bacillus subtilis spore coat protein
(Kroger et al., 2001; Scheffel et al., 2011; Motomura et al., 2016). The possibility that
similar convergent evolution may have produced a variety of yet-uncharacterized proteins
similar to that discussed here from Desulfobacterales sp. S7086C20 motivates future work
to directly test the degree to which this protein can catalyze silicate precipitation in
solutions undersaturated with respect to amorphous silica. A demonstration of silicate
precipitation in undersaturated conditions catalyzed by this protein would be an important
step in improving our understanding of biological mediation of early silicate cementation in

the rock record.



193

CONCLUSIONS

We demonstrate here for silicate precipitation in undersaturated and sediment-free
media within the extracellular matrix produced by ANME-SRB consortia. SEM-EDS
examination reveals this silicate phases to exhibit authigenic textures similar to those
observed on the exteriors of ANME-SRB consortia removed directly from sediment,
suggesting that silicates precipitated on the exteriors ANME-SRB consortia grown under
sediment-free incubations are representative of those previously discussed in the literature.
Additionally, the composition of silicates precipitated in sediment-free, Si-undersaturated
conditions are highly similar to those observed on ANME-SRB consortia extracted from
environmental samples. These observations indicate bona fide silicate precipitation
mediated by ANME-SRB consortia and suggest that authigenic silicates may play an

important role in the taphonomy of methane seep ecosystems in the rock record.
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