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ABSTRACT

At the broadest scale, this thesis is an investigation of how life modulates the movement of
essential elements (carbon, sulfur, nitrogen, and silicon) on modern and geologic
timescales. Chapters 1 and 2 explore carbon and sulfur cycling microbial communities
found centimeters below the seafloor in hydrocarbon-rich methane seep ecosystems. At the
Hydrate Ridge methane seep, we investigated how microbial partnerships direct the flow of
methane and sulfide in these benthic oases by using identity-based physical separation
methods developed in our lab (Magneto-FISH) in conjunction with community profiling
and metagenomic sequencing. This method explores the middle ground between single
cell and bulk sediment analysis by separating target microbes and their physically
associated community for downstream sequencing applications. Magneto-FISH captures
were done at a range of microbial taxonomic group specificities and sequenced with both
clone library and next-gen iTag 16S rRNA gene methods. Chapter 1 provides a
demonstration of how FISH probe taxonomic specificity correlates to resultant Archaeal
taxonomic diversity in Magneto-FISHed seep sediments, with specific attention to
preparation of Archaea-enriched samples for downstream metagenomic sequencing. In
Chapter 2, a Bacteria-focused parallel environmental isolation and sequencing effort was
subjected to co-occurrence analyses which suggested there may be far more microbial
associations in methane seep systems than are currently appreciated, including partnerships
that do not involve the canonical anaerobic methane oxidizing archaea and sulfate reducing
bacteria. With samples from IODP Expedition 337 Shimokita coalbed biosphere, Chapter
3 provides evidence for an active microbial assemblage kilometers below the sea floor in
the deepest samples ever collected by marine scientific ocean drilling. Using in situ
temperature Stable Isotope Probing (SIP) incubations and NanoSIMS, we investigated
whole community activity (with the passive tracer D,O) and substrate specific activity with
Cl-carbon compounds methylamine and methanol. We found deuterium-based turnover
times to be faster (years) than previous deep biosphere estimates (hundreds to thousands of

years), but methylotrophy rates to be slower than previous carbon metabolic rates.
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Introduction

While not unified by a single method or
study location, this thesis provides four
examples of how targeted methods are
uniquely able to resolve the character of
biologically-mediated ~ carbon, sulfur,
silicon, and nitrogen cycling. Discerning
the biological component of the systems
explored herein is fraught with difficulty
stemming from their complexity (Chapters 1
and 2), age (Appendix A and B), or

metabolic reticence (Chapter 3).

Chapters 1 and 2 provide a method
(Magneto-FISH) and an application (modern
methane seep sediments) for dealing with
complex microbial communities where

multiple species may have, at least

superficially, similar roles, such as sulfate
reducing bacteria and anaerobic methane-oxidizing archaea, but yet certain partnerships appear
preferred over others. By a phylogenetically-selective mechanism, we are able to enrich for target
microbes and their physically associated microbial partners to explore spatial arrangement and
sequence space in tandem. It is an attractive method for any environment with physically
associated microorganisms that can bridge work done at the single-cell and bulk microbial

community levels to provide a more holistic framework for microbial interactions.

The Appendices address more historical geobiological questions of how the evolution of land plants
may have affected global silicon and carbon cycling (Appendix A) and if microorganisms may be
responsible for the structures preserved in microbial mats from the rock record (Appendix B). In

both of these systems the original biomaterial is a palimpsest — no longer present or too altered to
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directly address our research questions. To overcome the effects of time, we utilized comparative

biology methods to determine how extant plants (early evolving land plant lineages) and mats
(modern carbonate platform analogs) create the biominerals and biostructures, respectively, that we
may see preserved. The applications herein provide application and integration of modern biology

to Earth history questions that exemplifies the toolbox of geobiology.

The final chapter (3) interrogates a unique deep biosphere sedimentary environment where
terrestrial organic matter from a paleo-swamp has been buried for millions of years under what has
now transitioned to an open marine environment. Initial genetic and geochemical results from
IDOP Expedition 337 indicate an active assemblage of microbes similar to a modern swamp
community (Inagaki et al. 2015), but cell abundances lower than retrieved from any other IODP
cruise (1-100 cells/cm’), despite the extremely high cell abundances at the sediment surface (10°
cells/em’). This extremely low biomass provides a technical challenge to both measuring activity
and ensuring the measured activity reflects that of the in sifu community, rather than any of the
myriad contamination sources from drilling to sequencing or an overprinting abiotic process. One
could even argue that deep sea drilling is even harder than detecting life in Martian samples, as the

contamination on the Earth’s surface is so much higher.

As we abut the limit of cell detection, we can no longer hope that the in situ cell concentration will
be above the background contamination signal. One of the biggest sources of contamination,
drilling mud, is also required for the riser drilling technology that allows deep core recovery.
Stringent contamination control, such as identification of samples with high porosity and fracture
planes via onboard tomography (CAT scan), can aid in determining the most pristine samples in
real-time to avoid using them for stable isotope probing (SIP) incubations. However, it was not
possible to remove all sources of contamination from all samples. Therefore, tracking
contamination is a more viable pursuit than attempting to remove it completely. This can be done
onboard by adding chemical tracers like perfluorocarbon (PFC) to drilling mud and monitoring its
concentration, or performing sequencing assays for known microbial contaminants such as water
column marine organisms for all downstream biological samples. In addition to these
microstructural, chemical, and genetic contamination identification methods, hydrogenase
enzymatic and SIP-NanoSIMS activity-based controls showed that when putative contaminant cells
did come into contact with samples, they were “dead on arrival,” making our activity based

measures robust even to contaminant cells for determining viability of in situ populations. While it
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cannot be ignored that contaminant cells may provide a potential organic carbon source, we did

not determine that any contaminant cells were present (based on expected size for deep biosphere

cells) in the incubations discussed in this thesis.

In addition to tracking, technological advancements in sample collection were also used to reduce
contamination. Cruises rely heavily on porewater data to determine potential metabolisms, activity
profiles, effects of transition from in situ to incubation, or even simply concentrations to use for
incubation conditions, but we were either unable to recover any porewater, or what was recovered
was too contaminated with drilling mud, through traditional onboard squeezing methods from the 2
km below seafloor coalbeds. To overcome porewater exposure to drilling mud, Exp. 337 was able
to use a specialized formation water-sampling device, Schlumberger’s Quicksilver probe, for a few
select horizons. This allowed us to recover more pristine interstitial water at formation pressures,
which is extremely important for gaseous substrate concentration measurements. These Qucksilver
probe samples allowed us to confirm the high (mM) levels of ammonium measured in our SIP
incubations, highlighting a conundrum of the deep biosphere that has also been found in other
studies: Why do deep biosphere cells show a clear preference for nitrogen incorporation over
carbon, if they live an ammonium replete environment? The cause of this phenomenon should be a
high priority for future deep biosphere research and emphasizes how much remains to be discovered

about deep biosphere physiology.

Another approach to understanding deep life physiology has been through attempting to constrain
metabolic rates and relating them to turnover of elements deep essential for life (i.e. hydrogen,
nitrogen, and carbon). The deep biosphere literature has gravitated toward using a discussion of
turnover time, as opposed to growth rate or doubling time, since production of new biomass cannot
be predominantly attributed to production of new cells (doubling) over maintenance in energy
limiting environments. There is also evidence that deep life is good at recycling biomaterials as a
potential energy conservation technique (Takano et al. 2010), which provides an additional caveat
to turnover calculations that requires further exploration. However, Morono et al. 2011 showed that
most deep biosphere cells were viable, if not actively replicating. At its base level, turnover is the
reciprocal rate of some process, be it sulfate reduction coupled to acetate oxidation or amino acid
degradation. Converting these rates to turnover times enables comparison to geologic processes,
such as sedimentation rate or thermal degradation of organic matter. Previously published deep

biosphere biomass turnover times have all been upwards of thousands of years before SIP-
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NanoSIMS based times, which appear to be months to years based on our findings that those of

Morono et al. SIP-NanoSIMS provides powerful, single-cell resolution of minimal microbial
activity that is not possible with bulk geochemical or SIP-RNA/DNA methods. Our study was also
able to show that microbial assemblages appear to have different modes of activity within these
viable populations and different biosynthesis rates between hydrogen, nitrogen, and carbon, as
discussed in Chapter 3. The 2 kmbsf biosynthesis-based turnover times are slower than times for
shallower samples that were provided more substrates (Morono et al. 2011), but we do not know if
this is an effect of substrates provided and/or differences in the microbial potential for activity from
200 m to 2000 m below seafloor. As we continue to use SIP-NanoSIMS to study the deep
biosphere, these distinctions may become more resolved. The continued application of deuterated
water as a passive tracer can also provide a baseline metric for unamended, or minimally amended,
activity conditions in each new system to connect all future SIP-NanoSIMS experiments, and better

determine what is unique to a new environment and what may be universal to deep life.

Finally, the results from Exp. 337 have opened new avenues for conceptualizing the residence time
of carbon in coals that have never reached sterilization conditions. With global lignite reserves
estimated at 839 Gt (Killops & Killops 2013), understanding what portion of this carbon, assumed
stabilized in the lithosphere, may be biologically mobilized and potentially returned to the surface
biosphere is important for understanding both deep life and global carbon cycle regulation. Initial
investigations into carbon isotopic composition of methoxy-groups in Exp. 337 coal samples are
order 50 per mil enriched over the bulk coal carbon values, which provides the tantalizing prospect
of a signal for microbial distillation over millions of years. While at the same time, other work
suggests that high-pressure environments cause a significant (=20 %o) depletion in biomass

carbon from their carbon source (Fang et al. 2006).

Even with a high-resolution, single-cell activity technique, we must know more about microbial
physiology under high pressure, high temperature, and slow growth conditions to be able to
contextualize in situ deep biosphere measurements and tease apart what is physiology versus
environmental in future deep biosphere SIP-NanoSIMS incubations. Target questions include:
Why do microbial populations appear to show different physiological modes, even when in
theoretically uniform conditions (Kopf et al. 2015)? How does high pressure affect both natural and
labeled isotopic enrichments? What are reasonable water assimilation constants for slow growth

conditions, and archaea in general? Can we overcome limitations of deep biosphere biomass and
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develop methods to discern biosynthesis of new biomass from microbial maintenance and repair or

recycling of necromass? These constraints on biomass turnover, along with technological
advancements in three-dimensional imaging of deep biosphere spatial relationships, will then lay
the groundwork for myriad other deep biosphere constraints, such as genetic exchange and

evolution rates.

The more we know about how life thrives and survives in the present, the more we can plan for our
future and interpret our past. The deep biosphere provides a unique environment that blends active
biological processes operating in geologic time capsules that are isolated from solar primary
production. Through the combination of additional microbially-motivated IODP cruises to more
environments and carefully cultivated laboratory experiments, we have much to explore in the years
to come that will advance our understanding of life’s most extraordinary forms on our planet and

maybe others.
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Chapter 1

WHOLE CELL IMMUNOMAGNETIC ENRICHMENT OF
ENVIRONMENTAL MICROBIAL CONSORTIA USING RRNA-TARGETED
MAGNETO-FISH



Abstract

Magneto-FISH, in combination with metagenomic techniques, explores the middle ground
between single cell analysis and complex community characterization in bulk samples to better
understand microbial partnerships and their roles in ecosystems. The Magneto-FISH method
combines the selectivity of Catalyzed Reporter Deposition -Fluorescence In-Situ Hybridization
(CARD-FISH) with immunomagnetic capture to provide targeted molecular and metagenomic
analysis of co-associated microorganisms in the environment. This method was originally
developed by Pernthaler et al. and Pernthaler & Orphan (2008; 2010). It led to the discovery of
new bacterial groups associated with anaerobic methane-oxidizing (ANME-2) archaea in methane
seeps as well as provided insight into their physiological potential using metagenomics. Here, we
demonstrate the utility of this method for capturing aggregated methanotrophic consortia using a
series of nested oligonucleotide probes of differing specificity designed to target either the ANME
archaea or their Deltaproteobacteria partner, combined with 16S rRNA and mcrA analysis. This
chapter outlines a modified Magneto-FISH protocol for large and small volume samples and
evaluates the strengths and limitations of this method predominantly focusing on 1) the
relationship between FISH probe specificity and sample selectivity, 2) means of improving DNA
yield from paraformaldehyde-fixed samples, and 3) suggestions for adapting the Magneto-FISH

method for other microbial systems, including potential for single cell recovery.



Introduction

As advancements in high-throughput sequencing technology allow deeper and more cost effective
means of sequencing complex microbial assemblages, we are left with more data, but not
necessarily more means to understand it. The development of microbiological techniques to
isolate and visualize environmental microorganisms a priori can be used to meaningfully parse
environmental samples before metagenomic processing, and thereby provide additional context for
downstream bioinformatic data interpretation. There is also increasing awareness that microbe-
environment and microbe-microbe interactions are important factors in assessing microbial
systems, their metabolic potential, and how these relationships affect larger scale processes such as

ecosystem nutrient cycling.

A range of in situ techniques are currently available for physical separation of microorganisms of
interest from environmental samples. Methods involving selection from a complex microbial
sample often involve a stage of phylogenetic identification, such as 16S rRNA-based
fluorescence in situ hybridization (FISH), coupled to a means of physical separation such as flow
sorting (Amann et al. 1990; Yilmaz et al. 2010) (also see chapters in this volume by Zehr and
Haroon), optical trapping (Ashkin 1997), microfluidics (Melin & Quake 2007), or
immunomagnetic beads (Safafik & Safaiikova 1999). This is in contrast to separation methods
where selection is based on a property other than identity, such as metabolic activity (Kalyuzhnaya
et al. 2008), followed by downstream identification of the population exhibiting the property of
interest. The majority of these methods have focused on single cell analysis, rather than examining
intact multi-species microbial associations, with the exception of intracellular microbial

interactions (Yoon et al. 2011).

The Magneto-FISH method was originally developed by Pernthaler et al. (2008) to enrich for and
characterize microbial associations in the environment. This technique was specifically developed
for studying inter-species partnerships between anaerobic methane-oxidizing (ANME) archaea and
sulfate-reducing Deltaproteobacteria (SRB) in anoxic marine sediments (Boetius et al. 2000;
Orphan et al. 2002). This method is based on 16S rRNA Catalyzed Reporter Deposition (CARD)-
FISH (identity) (Pernthaler et al. 2002) and immunomagnetic bead capture (separation) (Pernthaler
et al. 2008; Pernthaler & Orphan 2010). The Magneto-FISH method was shown to successfully



concentrate the population of interest and aid in microbial association hypothesis development that
could be further supported with metagenomics, microscopy, and isotope-labeling techniques. This
provides a means to study metabolic potential at a level that is not defined in separate units of
species identity, but operational groups of organisms that have evolved to serve a function, such as
the symbiotic consortia mediating methane oxidation coupled to sulfate reduction. Magneto-FISH
is also compatible with the physical challenges of sediment associated ANME-SRB aggregates,
namely their heterogeneous morphology, wide size range (~3-100 um diameter), and frequent

association with mineral and sediment particles.

In evaluating the application of Magneto-FISH to other environmental populations, it is important
to consider sample input constraints such as microbe size and morphology, sample output
requirements such as yield and purity, and of course time and expense. Autofluorescent sediment
particles and diverse ANME/SRB consortia size complicated the successful application of flow
sorting approaches to the AOM system. In other environments, FAC sorting has been shown to be
an effective means of cell separation, but often requires DNA amplification (Rodrigue et al. 2009;
Woyke et al. 2011). Yield and purity are also often opposing constraints. For example, FAC
sorting can provide high sample purity, but may require significant instrument time for collecting
sufficient material without including a post-amplification step (Woyke et al. 2011). Sample yield
remains an issue with Magneto-FISH, as well. Initial application of Magneto-FISH required
Multiple Displacement Amplification (MDA) before construction of metagenomic libraries for 454
pyrosequencing (Pernthaler et al. 2008). However, advances in library preparation (e.g. Nextera
XT) have significantly lowered the minimum DNA concentrations required. Magneto-FISH can
be completed in a day and does not require the use of any specialized equipment beyond an
epifluorescent microscope. The main expense is reagents, which scales with amount of sample
processed and diversity of FISH probes needed. Another advantage is the versatility of this
method. It is compatible with a broad range of oligonucleotide probes incorporated into the same
basic protocol; no instrument adjustment or recalibration is required between runs or with different

microbial targets.

This chapter introduces three modifications to the Magneto-FISH protocol of Pernthaler et al.
(2008) to improve DNA recovery and labor efficiency: 1) immuno-based attachment of magnetic

beads for single cell capture, 2) magnetic separation in a standard magnetic holder, and 3) DNA



10

cross-link reversal incubation during extraction. Using this modified method, we evaluate the
DNA recovery and microbial target specificity using a nested set of oligonucleotide probes and
discuss 1) increasing target DNA yield for current template requirements amplification, 2) the
relationship between sample purity and FISH probe specificity, 3) controls for association

selectivity, and 4) DNA quality for metagenomic techniques.
Methods
Samples and controls used in Magneto-FISH capture experiments

Sediment samples were collected in September 2011 from methane seeps within the S. Hydrate
Ridge area off the coast of Oregon at a depth of 775 m using the R.O.V JASON and the R/V
Atlantis. Marine sediment was collected in a push core (PC-47) associated with a sulfide-oxidizing
microbial mat adjacent to an actively bubbling methane vent. A sediment slurry from the upper 0-
15 cm depth horizon was prepared with one volume N, sparged artificial seawater to one volume
sediment, over-pressured with methane (3 bar) and incubated at 8°C in a 1L Pyrex bottle sealed
with a butyl rubber stopper. A 4 ml sample from the incubation was collected on November 19,
2012. Samples were immediately fixed in 0.5 ml sediment aliquots in 1.5% paraformaldehyde
(PFA) for 1 hr at room temperature (fixation can alternatively be performed at 4°C overnight).
Samples were washed in 50% 1x PBS: 50% EtOH, then 75% EtOH: 25% DI water, and
resuspended in 2 volumes (1 ml) 100% ethanol. Samples were centrifuged at 1000 xg for 1 min

between wash steps.

As a control to test association specificity, 0.5 ml of sediment slurry was spiked with 10 pl of
turbid Paracoccus denitrificans, strain ATCC 19367. After addition the sample was quickly
vortexed, fixed, and washed as described above. 16S rRNA diversity surveys of the original

sediment incubation sample supported the absence of P. denitrificans in the bulk sediment.
Magneto-FISH

A detailed protocol is provided in Table 1 and additional information and explanation of the major
steps are provided below. When using Magneto-FISH with marine sediment samples, 100 pl of

fixed sediment slurry (resuspended in 100% ethanol) is the recommended starting volume for the
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recovery of PCR-amplifiable DNA. The method has been tested with sediment volumes ranging
from 75-3000 pl. Smaller sample sizes have higher target purity, but lower DNA yield. For the
purposes of this chapter, all reagent amounts are given for the 100 pl starting sample size (small
scale prep), but can be scaled up as indicated for larger samples. There are two means to scale up
these reactions: 1) using more of the starting sample with the same oligonucleotide probe, 2) or
using more of starting sample, but with different probes. With option 1, all sample aliquots can be
combined during wash steps as indicated. For option 2, sample aliquots can be combined during
the initial permeabilization stages, but can no longer be combined after probes have been applied.
All reagents should be sterilized by filtration (0.22pm) prior to use, and sterile sample containers
should be used in subsequent steps. Additionally, after fluor addition samples should treated as

light-sensitive.

Permeabilization and inhibition of endogenous peroxidases

The TE pH 9 heating step serves to permeabilize cells and loosen sediment particles. The
hydrogen peroxide addition inhibits endogenous peroxidases prior to the CARD reaction. To
remove ethanol, spin sediment-ethanol slurry at 16,000 xg for 1 min, remove supernatant, and
resuspend in TE (pH 9). When performing multiple reactions with the same sediment, they can be
combined during these steps (i.e. for 6 captures, add 600 pl (original volume) of sediment slurry to
100ml Tris-EDTA (TE), pH 9) after removing ethanol.

Liquid CARD-FISH

All oligonucleotide probes and corresponding formamide concentrations used are summarized in
Table 2. When using a histological microwave for hybridization, formamide concentrations were
lowered by 10% below the concentrations optimized for a conventional hybridization oven (Fike et
al. 2008). Note: A hybridization oven can also be used for liquid CARD-FISH, but incubation time

should be increased to at least 2 hrs or more.

If doing multiple reactions, evenly divide sediment pellet among all samples in each CARD
hybridization buffer with the appropriate formamide concentration. For histological microwave
use, orient the beaker and samples such that only water, and no samples, is in the path of the

temperature probe. Inverting or vortexing samples a few times during this incubation can improve
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mixing of probe and sample, since sediment will tend to settle out of suspension during the
incubation. All samples with the same probe can be combined during wash steps, but different

probe samples must be kept separate.

For the amplification reaction, samples must be evenly divided into their initial starting proportions
(if started with 600 pl of slurry, then separate into 6 aliquots) for proper target to probe ratios, but
like-samples can be recombined during subsequent wash steps. For a larger combined wash,
samples can remain in a 50 ml tube with the appropriate amount of PBS and PPi after blocking
reagent and washing steps. Hybridized samples can also be stored overnight at 4°C before

proceeding with magnetic capture.

Table 1: Step-by-step detailed instructions for Magneto-FISH protocol. Additional information and
suggestions are included in the text for each section. Recommended equipment list: hybridization
microwave [BP-111-RS-IR, Microwave Research & Applications], centrifuge (microtubes and 50 ml tubes),
sonicator with tapered microtip probe [Branson Sonifier W-150 ultrasonic cell disruptor], rotating or
shaking incubator/hybridization oven, magnetic holder [Dynal MPC-1.5ml], waterbath, bead beating tubes
with garnet sand [PowerSoil DNA Kit PowerBead Tubes, MO BIO] and bead beater [FastPrep FP120,
Thermo Electron Corp.], cellulose spin columns [Microcon, Millipore], vortex [Vortex-Genie 2, MO BIO],
1.5 ml maximum recovery centrifuge tubes [Flex-Tubes 1.5ml, Eppendorf]. Special reagents: Linear
Acrylamide, Dextran Sulfate, Blocking Reagent, HRP-probes, fluor-labeled tyramide(s), biotin tyramide,
anti-fluor mouse monoclonal IgG antibody [Life Technologies], Dynabeads Pan Mouse IgG [Life
Technologies].

Magneto-FISH
1. Permeabilization and inhibition of endogenous peroxidase

a. Add 100ul sediment slurry to 100 ml TE pH 9 in a sterile 250 ml glass
beaker (or other flat-bottomed vessel to maximize surface area).

b. Microwave 2 min at 65°C in a hybridization microwave (100% power)
[BP-111-RS-IR, Microwave Research & Applications].

c. Transfer to two 50 ml Falcon tubes and spin at 5000 xg for 5 min at 4°C
(all spin steps should be performed in this manner unless otherwise
indicated).

d. Decant supernatant taking care to retain the sediment pellet by pouring
slowly and all in one motion.

e. Resuspend in 50 ml 1x Phosphate Buftfered Saline (PBS), 0.01M Sodium
Pyrophosphate (PPi1), 0.1% H,O, and incubate at room temperature for 10
min, inverting tubes occasionally to keep sediment in suspension.

f.  Sonicate for three 10 s pulses on setting 3 (~6V(rms) output power)
[Branson Sonifier W-150 ultrasonic cell disruptor] at room temperature
with sterile remote tapered microtip probe [Branson] inserted into the
liquid.

g. Spin and decant.

2. Liquid CARD-FISH
a. Resuspend sediment in 2 ml CARD buffer [0.9M NaCl, 20mM Tris-HCI
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pH 7.5, 10% w/v Dextran Sulfate, 1% Blocking Reagent (in pH 7.5 maleic
acid buffer), 0.02% w/v SDS] and transfer to a 2 ml Eppendorf tube.

Add 20 pl of 50 ng/ul CARD probe and vortex [Vortex-Genie 2, MO BIO]
briefly to mix.

Wrap tubes in parafilm and tape to the sides of a beaker filled with DI
water, such that tubes float in an approximately horizontal orientation.
Microwave for 30 min at 46°C, power setting of 100%.

Remove samples from the water bath and remove parafilm.

Spin tubes at 10,000 xg for 2 min.

Decant supernatant into formamide waste and resuspend hybridized
sediment in 50 ml 1x PBS.

Incubate at room temperature for 10 min, shaking occasionally.
Centrifuge, decant supernatant, resuspend in fresh 1x PBS, centrifuge and
decant again, leaving pellet.

Resuspend in 2 ml amplification buffer [1x PBS, 1% Blocking Reagent,
10% w/v Dextran Sulfate, 2M NaCl] in 2 ml Eppendorf tube.

Add 2 pl fluor-labeled tyramide (0.5 pg/ml), 2 pl biotin tyramide (0.5
pg/ml), and 5 pl 0.0015% H,0..

Wrap tube(s) in foil to protect from light and incubate with gentle shaking
or rotating at 37°C for 1.5 hrs.

Spin at 10,000 xg for 2 min.

Decant supernatant and resuspend in 50 ml 1x PBS in 50 ml centrifuge
tube.

Incubate for 10 min at room temperature in the dark, shaking occasionally.
Spin, resuspend in 50 ml 1x PBS, and spin again.

Resuspend in 49.5 ml 1x PBS and 0.5 ml 10% blocking reagent in a 50 ml
falcon tube.

Microwave [BP-111-RS-IR, Microwave Research & Applications] in a
vessel large enough to submerge 50 ml tubes for 20 min at 40°C in DI
water.

Centrifuge, decant, and resuspend in 50 ml 1x PBS, then centrifuge and
decant again.

Resuspend each sample in 1 ml 1x PBS, 0.01M PPi in a 1.5 ml Eppendorf
tube

Counterstain a sample aliquot with DAPI and verify hybridization by
microscopy.

3. Magnetic Bead preparation and Magnetic Cell Capture

a.

b.

Sonicate sample in 1.5 ml tube for 5 sec, setting 3 at room temperature to
resuspend cells.
Add 5 pl anti-fluor mouse monoclonal IgG antibody [Life Technologies]
per 1 ml reaction volume and incubate at 4°C for 20 min rotating to keep
sediment in suspension [Hybridization Oven, VWR].
While the sample is incubating, prepare beads:
1. Add 25 pl of Dynabeads Pan Mouse IgG [Life Technologies] per
reaction to 1 ml of Bufferl [1x PBS, 0.1% BSA] and place in
magnetic holder [Dynal MPC-1.5ml].
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ii. Invert holder and tube(s) multiple times to wash all beads down to
magnet. Remove liquid with pipet and treat as azide waste.
Remove tube from holder and resuspend washed beads in 30 pl of
Bufferl.

After 20 min incubation, spin sample at 300 xg for 8 min at 4°C.

Decant supernatant, resuspend sediment pellet in Bufferl, and spin again
as in step 3d. Decant supernatant.

Add 30 pl of washed beads and 1 ml Bufferl per sample volume.

Incubate 1.5 hrs at 4°C in dark while rotating to keep sediment in
suspension.

Place sample(s) into magnetic holder slots. Invert multiple times and let sit
1 min until sediment has settled to the bottom of the tube. Remove liquid
including all sediment while trying not to disturb magnetic beads.

To wash beads and target cells, remove tube from magnetic holder and add
1 ml Bufferl while aiming pipet tip at magnetic beads to resuspend them.
If all beads are not resuspend when adding 1 ml, pipet up and down slowly
to resuspend remaining beads from side of the tube. After a few washes,
counterstain a sample aliquot with DAPI and verify bead attachment by
microscopy. Repeat wash step at least 9 more times (10 total).

Save any sample necessary for further microscopy before proceeding to
DNA extraction.

After final wash, resuspend washed beads and cells in 400 pl of TE buffer

(pH 8).

DNA Processing
1. Cell lysis and reversing crosslinks in DNA

a.
b.
C.

d.
e.

f.

2. DNAE
a.
b.
C.

d.

Add lysis reagents (10 pl 5M NaCl and 25 pl 20% SDS) to 400 ul TE with
beads from step 3k.

Remove liquid from screw cap 2 ml bead beating tube with garnet sand
(PowerSoil DNA Kit PowerBead Tubes, MO BIO].

Add total volume of sample and lysis reagents (435 pl) to bead beating
tube.

Bead beat at setting 5.5 for 45 s [FastPrep FP120, Thermo Electron Corp.].
3 rounds of alternating Freeze/Thaw (-80°C and 65°C were used in this
study).

Incubate samples for at least 2 hrs, up to 48 hrs, in a 65°C water bath.
xtraction

Add 0.5 ml phenol [pH 8, 0.1% hydroxyquinoline] to bead beating tube.
Vortex to mix, and spin for 2 min at 16,000 xg.

Transfer supernatant to a new tube while avoiding particulates at
TE/phenol interface.

Add 250 pl phenol and 250 pl Chloroform:TIAA (24:1).

Vortex to mix, spin 1 min at 16,000 xg, and transfer supernatant to new
tube.

Add 500 pl Chloroform:IAA, vortex briefly, spin 2 min at 16,000 xg.

14
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g. Add 200 pl TE to cellulose spin column [Microcon, Millipore], then add
DNA supernatant.

h. Spin 8 min, 14,000 xg. Wash DNA on spin column 3x with 500 pl TE.

i.  Elute into new tube at 1,000 xg for 3 min, as per manufacturer directions.

3. Concentration

a. Transfer DNA from elution tube to 1.5 ml maximum recovery centrifuge
tube [Flex-Tubes 1.5 ml, Eppendorf] and bring volume up to 37.5 pul with
TE.

b. Add 12.5 pl 10M Ammonium Acetate (2.5 M final concentration), 0.2 pl
Linear Acrylamide, and 125 pl cold EtOH (2.5 volumes).

c. Precipitate DNA overnight in wet ice (0°C).

d. Spin 18,000 xg in a microfuge for 30 min at 4°C to pellet DNA.

e. Decant supernatant, careful to retain pellet.

f. Lay tube on its side with cap open on a heat block at 65°C to evaporate

remaining liquid. Resuspend in 10 pl Tris-HCI (pH 8).

Magnetic Capture

Figure 1. a. Electron backscatter image and b. close-up secondary electron image of Magneto-FISH
aggregate. Baris 5 pm.

The magnetic capture consists of three main steps: 1) Incubation of anti-fluor antibodies with fluor
labeled cells (Figure 1), followed by two centrifugation wash steps to remove any unassociated

anti-fluor. Increasing the centrifugation speed/force does not appear detrimental and could be
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optimal for other systems in order to retain more material (for example, non-sediment associated
microbes, single cells, and smaller aggregates). We recommended saving supernatants from the
washing steps until satisfied with magneto capture, in the event that steps need to be repeated or re-
optimized during bead attachment. 2) Incubation of magnetic beads with anti-fluor attached cells.
3) Removing remaining sediment and cells that did not attach to beads using a magnetic tube
holder. It is also recommended to retain the first two sediment washes until satisfied with
magnetic capture and to evaluate efficiency (number of captured cells/cells remaining in wash).
Bead resuspension between washes should be done as gently as possible to reduce the strain on
bead-cell association. When performing larger reactions, multiply number of reactions by 1 ml
Bufferl to calculate volume of wash to use. Larger magnetic holders for 15 ml or 50 ml tubes
may also be necessary. To reduce larger volumes down to 400 pl for extraction, adding additional
washes in increasingly smaller volumes before final suspension in TE may be helpful. After the
final resuspension, it is easier to work with low retention tips as beads can stick to tips and tubes

when in TE.

In Pernthaler et al. (2008) the magnetic beads and anti-fluor antibodies were incubated together
before application to the sediment. Here, anti-fluor and magnetic beads are added in separate,
successive reactions. We have found that addition of the anti-fluor antibodies independently,
followed by subsequent addition of magnetic beads, resulted in higher recoveries, likely a result of
improved antibody-cell hybridization, which may avoid steric hindrance caused by bulky magnetic
beads during the attachment stage (R.S. Poretsky and V.J. Orphan, unpublished). Pernthaler et al.
(2008) also developed a separatory funnel apparatus outfitted with a neodymium ring magnet to
allow large volumes of buffer to continually wash the magnetic beads and attached cells
(Pernthaler & Orphan 2010). To simplify this procedure, and increase the recovery of cells after
magnetic capture, a conventional magnetic tube holder for 1.5 ml and 50 ml falcon tubes (Dynal)
was used in combination with multiple washes to remove residual sediment particles and collect
the bead-attached cells. We found that these modifications achieved a similar level of target cell

enrichment with small samples.

DNA Processing

Lysis and reversing paraformaldehyde crosslinks
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Higher DNA vyields have been reported after 48 hrs cross-link reversal incubation with no
degradation of sample (Gilbert et al. 2007), but may not be necessary if fixation duration and time
since fixation are short, or a different fixative is used. Gilbert et al. (2007) also provide a review of
other published amendments to DNA extraction methods for PFA fixed DNA that may provide

further insight for optimizing this method for different sample types or downstream goals.
Extraction and Concentration

DNA extraction and concentration methods are based on Sambrook and Russell (2001) and Crouse
and Amorese (1987). Bead beating can be replaced by vortexing at maximum speed for 10 min.
Freeze/thaw cycles can be performed at a range of freezing and thawing temperatures. -80°C and

65°C were chosen based on equipment available and for rapid cycling between states.
Quantification

The extremely low DNA concentrations from magneto-FISH samples requires the highest possible
sensitivity for detection, reduction of sample loss during quantification, and minimization of
contamination during processing or from reagents (Woyke et al. 2011). For DNA quantification
prior to metagenomic library construction, the use of a Qubit fluorometer and HS dsDNA Assay
kit (Life Technologies) is recommended, though it may require as much as half of the final DNA

extract for the small-scale preparation (5 pl) to obtain a reading above detection.
PCR and Cloning

Archaeal 16S rRNA Primers, annealing 54°C:
*  Arc23F (DeLong 1992; Waldron et al. 2007) — TCC GGT TGA TCC YGC C
e UI492R (Lane 1991) - GGY TAC CTT GTT ACG ACT T
mcrA Primers, annealing 52°C:
* MEI (Hales et al. 1996) - GCM ATG CAR ATH GGW ATG TC
* ME2 (Hales et al. 1996) — TCA TKG CRT AGT TDG GRT AGT
Paracoccus denitrificans, annealing 50°C:
* Bac27F (Lane 1991) — AGA GTT TGA TYM TGG CTC
* PARI1244R (Neefet al. 1996) - GGA TTA ACC CAC TGT CAC

Hot start Taqg DNA polymerases, such as HotMaster (5 PRIME), are recommended for PFA fixed
samples, especially when trying to amplify larger (>1000 bp) fragments such as full length 16S
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rRNA (Imyanitov et al. 2006). All Magneto-FISH PCR reactions were 12.5 pl total volume
containing 1 pul DNA template. The following thermocycler conditions were used: 95°C initial
denaturation of 2 min, followed by 40 cycles of 94°C for 20 s, annealing for 20 s at temperatures
listed above for primers, 1-1.5 min extension at 72°C, and a final extension of 10 min at 72°C.
PCR reagents were used at the following concentrations: 1x HotMaster buffer with 25 mM Mg*",
0.22 mM dNTPs, 0.2 uM forward and reverse primer, 0.2 U HotMaster Taq per pl reaction. Prior
to cloning, an additional reconditioning PCR step of 5 to 8 cycles was performed in 25 pl, using 5
ul of template from the original PCR reaction (Thompson et al. 2002). Reconditioned PCRs were
quantified by gel electrophoresis (1% gel, SYBR safe stain), filtered (MultiScreen PCR Filter Plate
#MSNU03010, Millipore) to remove primers, and concentrated in 10ul Tris-HCl (pH 8).
Approximately 4 pl of PCR product was used per reaction according to guidelines for TOPO TA
Cloning Kit for Sequencing with pCR4-TOPO Vector and One Shot Top 10 chemically competent
E. coli (Life Technologies). An ABI Prism 3730 DNA sequencer was used for all sequencing.

Phylogenetic analysis of 16S rRNA and metabolic genes (mcrA)

Translated methyl-coenzyme reductase alpha subunit (mcr4) nucleotide sequences were added to
an mcrA database and aligned in ARB utilizing the ARB alignment features (Ludwig et al. 2004).
16S rRNA sequences were aligned using Silva online aligner (Quast et al. 2013) and then imported
into ARB to verify alignment. Representative sequences were selected from the alignments and
cropped to a common region containing no primers: 451 nucleotide containing positions for mcr4
and 901 nucleotide containing positions for 16S rRNA. Sequences were then exported from ARB
and phylogenies were computed using MrBayes (Ronquist et al. 2012). Convergence was
determined by an average standard deviation of split frequencies <0.01. Both phylogenies were
computed by nucleotide. Inverse gamma rates and default recommendations from Hall (2004)

were used for all other MrBayes parameters.
Results and Discussion

Evaluating the quantification and specificity of captured targets using general and species-specific

FISH probes
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In the initial Magneto-FISH publication by Pernthaler et al. (2008), a clade specific probe targeting
the archaeal subgroup ANME-2c¢ (Knittel et al. 2005) was used to successfully enrich this group
and physically associated bacteria from Eel River Basin methane seep sediments, increasing the
percentage of recovered ANME-2c from 26% in the original sediments to 92% of the Magneto-
FISH captured archaeal diversity. Here we expand upon this work, specifically evaluating how
FISH probe selectivity affects Magneto-FISH microbial target selectivity. Five different CARD-
FISH probes, including Domain-level and group-specific probes targeting major methane seep
archaeal and sulfate-reducing bacterial groups were evaluated (Figure 2 and Table 2). The three
archaeal probes used were ANME-2¢ 760, Eel-MSMX 932 (general ANME; Boetius et al. 2000)
and Arc 915 (general archaea; Stahl & Amann 1991). Two bacterial probes, Seep-la 1441
(Schreiber et al. 2010) and Delta 495a (Loy et al. 2002), were also used to target
Deltaproteobacteria that commonly associate with ANME archaea. Seep-la 1441 is a probe
designed to hit a specific subgroup of the Desulfococcus/Desulfosarcina (DSS), shown to be a
dominant partner of ANME-2c¢ archaea in methane seeps (Schreiber et al. 2010). However, greater
diversity of SRB and other bacteria exist in association with ANME in seeps (Holler et al. 2011;
Knittel et al. 2003; Loesekann et al. 2007; Niemann et al. 2006; Orphan et al. 2002). Delta 495a
targets a broader range of SRB, and is expected to recover additional diversity if present in the
sample. This allows investigation of both the effectiveness of target species enrichment, as well as

providing information on the breadth of associated ANME partners.

Total DNA recoveries from each Magneto-FISH capture ranged from below detection to 1.2 ng,
depending on the specificity of the FISH capture probe (Table 2). The total DNA extracted for
each sample was consistent with the predicted yield based on oligonucleotide probe specificity,
where clade specific probes (ANME-2¢c 760 and Seep-la_1441) yielded lower DNA recoveries
relative to Magneto-FISH captures with more general probes (Eel-MSMX 932, Delta 495a, and
Arc 915). The DNA recovered from the group-specific Seep-la_ 1441 probe is reported as not
detected in the table, however, only 1pl (10%) of the total DNA extract was quantified to preserve
sample material. Typically 5 pl (50%) was necessary for detection of other Magneto-FISH
captures. Based on PCR amplification, the Seep-la 1441 Magneto-FISH capture most likely
recovered a DNA concentration similar to that observed with ANME-2¢_760.
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In an attempt to quantify the level of confidence in Magneto-FISH microbial associations, we
spiked a bulk sediment sample with a known volume of an alien cultured organism, Paracoccus
denitrificans. This pure culture has a diagnostic morphology and was not detected in any of our
bulk sediment analyses. After confirming with FISH and microscopy that the introduced P.
denitrificans cells were present in the sediment sample after fixation and at an environmentally
relevant concentration (visible in each field of view, but not a dominant species), this spiked
sample was used for Magneto-FISH with the Eel-MSMX 932 probe. Using a primer specific to P.
denitrificans (Neef et al. 1996), DNA recovered from the capture did not reveal P. denitrificans
contamination after 40 cycles of PCR. There was also positive PCR amplification of P.
denitrificans from the spiked bulk sediment DNA extraction. Universal bacterial 16S rRNA
primers were used to confirm that the Eel-MSMX 932+P. denitrificans sample did not have
amplification inhibition. This suggests that microorganisms associated with target Magneto-FISH
samples are unlikely present due to non-specific attachment during the Magneto-FISH or sample

preservation protocol.

Table 2: CARD-FISH probes, microbial target organisms (Ar, archaea; Ba, bacteria) and associated
formamide concentrations (FA %) used in this study with corresponding total DNA yield in nanograms
quantified on a Qubit fluorometer from small scale (100 pl) Magneto-FISH captures. The percent bulk
yield is calculated by dividing the total DNA recovered for each Magneto-FISH capture by the total bulk
DNA recovered from a same volume of paraformaldehyde fixed sediment. Both loss during processing and
selectivity of FISH probes used in Magneto-FISH contribute to the estimated percent bulk yield. Seep-
la 1441 DNA concentration was below detection (BD), but only 10% of sample was analyzed due to
sample volume constraints. Probe references: Seep-la 1441 (Schreiber et al. 2010); ANME-2¢ 760
(Knittel et al. 2005); Eel-MSMX 932 (Boetius et al. 2000); Arc_915 (Stahl & Amann 1991); Delta_495a
(Loy et al. 2002).

Sample Target Organism(s) FA % Total DNA (ng) | Bulk Yield (%)
ANME-2c 760 | Ar, ANME subgroup 2¢ 50 0.4 3
Seep-la_1441 | Ba, Desulfobacteraceae 40 BD -
subgroup Seep-SRB1a

Eel-MSMX 932 Ar, General ANME 35 0.9

Delta 495a Ba, General 25 0.8 7
Deltaproteobacteria
Arc 915 Ar, General Domain- 25 1.2 11
level Archaea

Bulk sediment - - 11.0 -

To evaluate Magneto-FISH enrichment of target species, clone libraries for both archaeal 16S

rRNA and methyl-coenzyme M reductase alpha subunit (mcr4) were constructed (Figure 2). mcrA
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encodes for an enzymatic step common to methanogenic and methanotrophic archaea (Hallam et
al. 2003; Luton et al. 2002). Conserved regions can be used as a measure of archaeal diversity in
methane seeps, with similar tree topology to archaeal 16S rRNA (Hallam et al. 2003; Hallam et al.
2011; Luton et al. 2002). Parallel analysis of 16S rRNA and metabolic gene diversity in Magneto-
FISH capture experiments using complementary (or nested; Amann et al. 1995) suites of FISH
probes with differing specificities can assist in evaluating the affiliation of specific metabolic genes
with a 16S rRNA phylotype. Results from five independent Magneto-FISH capture experiments,
using different probes on the same starting material, recovered the predicted level of archaeal
diversity, based on the specificity of the capture probe. For example, archaeal 16S rRNA diversity
recovered from ANME-2c 760 and Seep-la 1441 Magneto-FISH experiments were 100%
affiliated with the ANME-2c group, with parallel mcr4 analysis recovering 95% and 100% of
mcrA groups c/d, respectively. The DSS-affiliated Seep-SRBla group has been shown in
environmental FISH surveys to predominately pair with ANME-2c (Schreiber et al. 2010). The
abundance of ANME-2c¢ in both the archaeal 16S rRNA and mcrd gene surveys from the SRB
targeted Seep-la 1441 capture is consistent with these findings. These experiments support the
results from Pernthaler et al. (2008), demonstrating that high specificity can be achieved with
Magneto-FISH. These data also demonstrate the ability to corroborate a microbial association
hypothesis, such as ANME-2c/ Seep-SRBla (Schreiber et al. 2010), with complementary
Magneto-FISH experiments.
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Figure 2: A. CARD-FISH epifluorescent image of an ANME-2c (FITC) aggregate counterstained with DAPI. B. CARD-FISH
epifluorescent image of an ANME-1 (FITC) rod chain counterstained with DAPIL. In both images cy3 was over-exposed to show beads
(beads are 5 um for scale). C. Consensus trees of Archaeal 16S rRNA (white boxes) and mcrA (gray boxes) genes with ANME clade
(16S rRNA) and Group (mcrA) names separated by a slash. All other group names apply to both trees. The target range of CARD-FISH
probes ANME-2¢c 760 and Seepla 1441 (green), Eel 932 and Delta 495 (blue), and Arc_915 (purple) are indicated in the trees and
table. D. Table includes percent of total archaeal clones from each Magneto-FISH capture for each archaeal group. Thermoplasmata
was not included in the trees but is shown in the table to demonstrate the full diversity recovered. No mcrA group a-b or f were
recovered from Magneto-FISH or Bulk samples, and are not included in the table. mcrA4 clone libraries were not constructed for the
Arc 915 Magneto-FISH capture.
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The interesting pattern of ANME-2 diversity in the more general Eel-MSMX 932 and Delta 495a
Magneto-FISH samples is another example of the more nuanced information that can be recovered
by this technique. Note that the simplified trees in Figure 2 do not resolve the distinction between
ANME-2a and 2b; ANME-2b sequences form a coherent clade related to the ANME-2a group (see
Figure 2 in Orphan et al. 2001). While ANME-2a and ANME-2b were equally represented in the
bulk sediment diversity survey, these closely related archaeal groups showed differential
distribution in the Eel-MSMX 932 and Delta 495a Magneto-FISH captures. While these two
probes are expected to have similar levels of target group specificity in this system, ANME-2a was
not detected in Eel-MSMX 932 samples and conversely ANME-2b was absent in the Delta 495a
capture. The Eel-MSMX 932 probe was designed to target all Eel River Basin clones affiliated
with the order Methanosarcinales (Boetius et al. 2000), but archaeal 16S rRNA ANME-2 diversity
contained ANME-2¢c (81%) and ANME-2a (19%) sequences and no 2b. The Delta 495a
Magneto-FISH capture, selecting for general Deltaproteobacteria, recovered an equal number of
ANME-2c and ANME-2b clones (42%), as well as 17% affiliated with ANME-1, but no 2a. This
would suggest that, in this sample, ANME-2c and ANME-2b might be more likely to form
associations with Deltaproteobacteria than ANME-2a.  These hypotheses can be tested with
independent FISH hybridization experiments with the original sediment sample (see Pernthaler et

al. 2008).

Magneto-FISH can also aid in correlating diagnostic metabolic genes (e.g. mcrA, dsrAB, aprA,
nifH, etc.) to 16S rRNA identity. Since 42% of the clones in the Delta 495a capture were ANME-
2b, mcrA sequences that are distinct from the previously described ANME-1 group a-b or ANME-
2c affiliated group c-d, may be associated with ANME-2b, a currently undefined mcr4 group
designated here as e’. The bulk sediment distribution within ANME-2 archaeal 16S rRNA
sequences alone is 64% - 2c, 18% - 2b, 18% - 2a. The Delta 495a ANME-2 archaeal 16S rRNA
distribution is 50% - 2c¢ and 50% - 2b. The bulk sediment distribution of ANME-2 mcrA4 sequences
is 75% c-d (2¢), 4% e’ (2b), 21% e (2a). The Delta_495a distribution of ANME-2 mcrA4 sequences
is 63% c-d (2¢), 37% e’ (2b), 0% e (2a). Since all three ANME-2 groups are found in both
archaeal 16S rRNA and mcrA clone libraries for bulk sediment, but only 2c (c-d) and 2b (e’) are
found in Delta 495a there are multiple lines of evidence to support the hypothesis of group e’

mcrA. It should also be noted that the mcrA primers are not complementary to the majority of
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ANME-1 sequences, so investigation of ANME-1 correlations between archaeal 16S rRNA and

mcrA was not possible.

Optimization for Metagenomics

Advances in library preparation and high throughput sequencing protocols have significantly
lowered the required amount of DNA for metagenomics (as low as 1 ng DNA with the Nextera
XT). However, our small-scale Magneto-FISH captures yield DNA in amounts that are still below
current thresholds without including a post DNA amplification (e.g. Multiple displacement
amplification, MDA), similar to that used in single cell genomics ((Woyke et al. 2011) and other
chapters in this volume) and used in the Magneto-FISH ANME-2c metagenome (Pernthaler et al.
2008).

To determine where the protocol could be optimized to increase recovery and DNA yield, we
evaluated the losses associated with the different steps of the Magneto-FISH protocol. The
Magneto-FISH cell retention efficiency was assessed by extracting DNA from wash step
supernatants during a large-scale Magneto-FISH ANME-2c¢ 760 capture (Table 3). The DNA
concentration of the supernatants was then compared to the amount of DNA extracted from PFA
fixed bulk sediment of the same initial volume (3 ml slurry). We estimate that ~6% total DNA is
lost during the initial liquid CARD-FISH hybridization. An additional 28% is lost after the
antibody (IgG) incubation, which can be improved by increasing the speed during centrifugation
(discussed in methods). The sample remaining in the post-capture wash is due to both intended
(selectivity from magnetic capture) and unintended (poor hybridization and/or unsuccessful
magnetic capture) losses. The DNA yield from Magneto-FISH before the magnetic capture step
can be estimated by adding the DNA recovered from the post Magneto-FISH wash (430 ng) to the
yield from Magneto-FISH sample (145 ng) for a total of 575 ng. Using the specific ANME-
2¢_760 capture probe, the DNA yield from ANME2c-760 Magneto-FISH is 25% of this estimated
total yield. As 33% of the recovered bulk sediment clones are ANME-2c, this is close to the
expected level of selectivity. Assuming ANME archaea are the dominant archaea and about 1/3 of
the total microbial assemblage based on the ANME:SRB ratio of 1:3 from other Hydrate Ridge
studies (Nauhaus et al. 2007; Orphan et al. 2009), and 1/3 of those archaeca are ANME-2c (bulk
clone library results, Figure 2D), then 1/6 of the bulk sediment extracted DNA would result in a
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theoretical yield of 166 ng. The experimental ANME-2¢ DNA yield (144.6 ng) is 87% of this
theoretical yield.

Table 3: DNA recovered from different stages of a large-scale ANME 2¢-760 Magneto-FISH sample to
examine losses and selectivity. Initial sample was from 3 ml of PFA fixed slurry in EtOH. The percent
bulk yield is calculated by dividing the total DNA recovered at each Magneto-FISH step (accounting wash
volume differences) by the total bulk DNA recovered from a same volume of paraformaldehyde fixed
sediment. ANME2c-760, post capture sample is target cells attached to beads at the end of the protocol.
ANME2c-760, post liguid CARD-FISH is a 50 ml 1x PBS wash supernatant. ANME-2¢_760, post IgG is the
supernatant after 300 xg spin to remove remaining anti-body. ANME-2¢_760, post capture wash is the
sediment and Bufferl removed after the first wash when the sample is in the magnetic holder (remaining
non-target cells).

Sample Total DNA (ng) | Bulk Yield (%)
ANME-2c_760, post capture sample 144.6 14

ANME-2¢ 760, post liquid CARD-FISH 63.4 6

ANME-2¢ 760, post IgG 276.3 28
ANME-2c_760, post capture wash 430.5 43

Bulk 1000.0 -

We also examined DNA extraction efficiency by testing a range of methods to improve cell lysis,
removal of formalin crosslinks, and losses during DNA precipitation. As discussed in the methods,
implementation of an extended heating step was found to reduce PFA crosslinking issues and
yielded the greatest improvement to DNA extraction efficiency. The use of conventional organic
extraction with phenol:choloroform resulted in higher yields than tested kit protocols (PowerSoil
DNA Isolation kit, MO BIO). Recovery of DNA after ethanol precipitation was enhanced by the
use of ammonium acetate and linear acrylamide at 0°C (Crouse & Amorese 1987). The theoretical
yield of bulk sediment DNA per ml slurry is 10°®g per ml. This is based on 10’ aggregates per ml
sediment slurry (calculated for this study) and estimates of 10* cells per aggregate (Nauhaus et al.
2007) and 10™"° DNA per cell (Button & Robertson 2001; Simon & Azam 1989). Although this
calculation does not account for single cells that also contribute to the bulk DNA, single cells are
estimated to be 10% or less of the total biomass at Hydrate Ridge (Nauhaus et al. 2007). This
theoretical yield is the same order of magnitude as the bulk sediment DNA (experimental) yield of
1000 ng per ml sediment slurry, indicating efficient DNA extraction.
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The age of the fixed sample (time since fixation) can also impact the success of the Magneto-FISH
capture and DNA recovery. Freshly fixed samples are recommended, when possible. We also
evaluated ethanol as an alternative fixative to reduce cross-linking issues during DNA recovery.
While CARD-FISH signals were not as bright, bead association was successful and expected clone
diversity was recovered. Fixative choice and strength are recommended optimization areas for

application of Magneto-FISH to other systems.

We also evaluated the ability of the Magneto-FISH procedure to meet metagenomic library
preparation DNA concentration requirements without MDA amplification, by scaling up starting
sample volume (large scale Magneto-FISH prep). This large-scale prep is similar to the procedure
originally reported in Pernthaler et al. (2008) and outlined in Schattenhofer and Wendeberg
(Schattenhofer & Wendeberg 2011) with a few modifications to the magnetic capture and washing
steps (described in methods). In the large-scale Magneto-FISH prep, 3 ml of sediment slurry was
used instead of 0.1 ml. From this volume of slurry, 48.2 ng DNA per ml slurry was obtained using
the ANME-2c 760 specific probe. This is almost 14 times more DNA than a small scale ANME-
2¢_760 capture, and enough DNA for library preparation using the Nextera XT kit (minimum 1
ng) for Illumina miseq or highseq sequencing. However, the gain in total DNA yield also
corresponded with a decrease in specificity. Only 53% of the 16S rRNA phylotypes associated
with ANME-2¢, compared with 100% in small scale Magneto-FISH captures. The scaled up
protocol is still useful for enrichment of the target population, with 33% of the archaeal diversity
associated with the ANME-2c target relative to 20% in the bulk sediment. For the larger volume
Magneto-FISH protocols, the incorporation of more extensive washing procedures using a
separatory funnel apparatus may aid in the removal of contaminating particles and enhance
enrichment of the microbial target, as described in Pernthaler et al. (2008) and Schattenhofer &
Wendeberg (2011).

Sample specificity and DNA yield should therefore be optimized for downstream needs; if high
specificity is required then pooling many small-scale reactions is recommended, otherwise one
large-scale reaction may be sufficient. It is also recommended that any samples that need be
compared are run together with the same conditions and reagents to reduce any methodological

variation.
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Optimization for Other Environmental Systems

This Magneto-FISH protocol was developed and optimized for sediment-associated aggregated
microorganisms, so optimal application to other systems likely requires adjustments to the liquid
CARD-FISH protocol and washing steps for optimal cell recovery. Schattenhofer & Wendeberg
(2011) reported enrichment of single SRB cells from hydrocarbon contaminated sediment using a
Magneto-FISH protocol similar to Pernthaler et al. (2008). Schattenhofer & Wendeberg (2011)
incubated cells with magnetic beads already labeled with antibodies, which may reduce single cell

loss during antibody wash steps in the method described here.

To evaluate the method presented here for single cell Magneto-FISH, we focused on ANME-1. At
Hydrate Ridge, ANME-1 are found predominately as single cells or chains of single cells rather
than in association with SRB and have a distinctive rod-shaped morphology (Knittel et al. 2005).
When using the general Arc 915 probe to target all archaea in small-scale Magneto-FISH
experiments, we were able to recover ANME-1 phylotypes at bulk sediment clone abundance. We
also observed single cells and chains attached to beads indicating the potential to enrich for non-
aggregated cell types using this Magneto-FISH method. We then tried Magneto-FISH with an
ANME-1 specific probe to select for a single cell population. We used ANME-1_350 (Boetius et
al. 2000) with 30% formamide. We confirmed single cells and chains attached to beads by
microscopy (Figure 2B). However, we did not recover quantifiable amounts of DNA and clone
abundances were below bulk sediment ratios. Since ANME-1 represented 44% of the recovered
archaeal bulk sediment diversity, this should not be due to issues with targeting too small a

population.

A possible explanation is that more specific probes are more successful if they work at a higher
stringency. When testing Magneto-FISH with without adding probe or adding non-sense probes at
5-10% formamide, it is possible to collect non-specifically bound aggregates. Non-specific capture
was confirmed by microscopy (beads attached to aggregates without any CARD signal) and DNA
extraction yields. DNA yields from these samples was below or near the limit of detection, but
similar to the DNA concentration of ANME-2¢ 760 and Seep-la 1441 samples. However,
ANME-2c¢ and Seep-1a captures return only the expected single species and do not show signs of
non-specific binding. ANME-2¢ 760 (50%) and Seep-la 1441 (40%) probes had higher
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formamide concentrations than ANME-1_ 350 (30%). Only less specific probes such as Arc 915
and Delta 495a (25% formamide) returned the expected population at lower formamide
concentrations. Optimization of Magneto-FISH for other systems and/or non-aggregate forming

populations may be more successful when utilizing probes with targeted, high specificities.

Summary

Magneto-FISH provides a method to target microbial associations from environmental samples for
metagenomic and other molecular analyses with high specificity. It is adaptable to a range of
target populations within a system, working from the vast array of already vetted FISH probes or
developing new ones. It is also an affordable technique since it does not require any special
training or equipment beyond the contents of a normal microbiology laboratory. While the method
was designed for ANME-2 aggregates and associated bacteria, it can be applied to and optimized
for a range of microbial systems utilizing the recommendations described herein. By enriching for
associations prior to metagenomic analysis, the genetic information obtained is for a working
partnership that may otherwise be lost in a bulk environmental analysis. This middle ground will
be invaluable in the effort to better understand all levels at which microbes function in an
environment, and in particular in understanding how microbial associations on small scales reflect

larger scale chemical and nutrient cycling.
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CHARACTERIZATION OF MICROBIAL ASSOCIATIONS WITH
METHANOTROPHIC ARCHAEA AND SULFATE-REDUCING BACTERIA
THROUGH STATISTICAL COMPARISON OF NESTED MAGNETO-FISH

ENRICHMENTS
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Abstract

Methane seep systems along continental margins host diverse and dynamic microbial assemblages,
sustained in large part through the microbially mediated process of sulfate-coupled Anaerobic
Oxidation of Methane (AOM). This methanotrophic metabolism has been linked to a consortia of
anaerobic methane-oxidizing archaeca (ANME) and sulfate-reducing bacteria (SRB). These two
groups are the focus of numerous studies; however, less is known about the wide diversity of other
seep associated microorganisms. We selected a hierarchical set of FISH probes targeting a range
of Deltaproteobacteria diversity. Using the Magneto-FISH enrichment technique, we then
magnetically captured CARD-FISH hybridized cells and their physically associated
microorganisms from a methane seep sediment incubation. DNA from nested Magneto-FISH
experiments was analyzed using Illumina tag 16S rRNA gene sequencing (iTag). Enrichment
success and potential bias with iTag was evaluated in the context of full-length 16S rRNA gene
clone libraries, CARD-FISH, functional gene clone libraries, and iTag mock communities. We
determined commonly used Earth Microbiome Project (EMP) iTAG primers introduced bias in
some common methane seep microbial taxa that reduced the ability to directly compare OTU
relative abundances within a sample, but comparison of relative abundances between samples (in
nearly all cases) and whole community-based analyses were robust. The iTag dataset was
subjected to statistical co-occurrence measures of the most abundant OTUs to determine which
taxa in this dataset were most correlated across all samples. Many non-canonical microbial
partnerships were statistically significant in our co-occurrence network analysis, most of which
were not recovered with conventional clone library sequencing, demonstrating the utility of
combining Magneto-FISH and iTag sequencing methods for hypothesis generation of associations
within complex microbial communities. Network analysis pointed to many co-occurrences
containing putatively heterotrophic, candidate phyla such as ODI, Atribacteria, MBG-B, and
Hyd24-12 and the potential for complex sulfur cycling involving Epsilon-, Delta-,

and Gammaproteobacteria in methane seep ecosystems.
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Introduction

A central goal in microbial ecology is identifying and understanding microbial interactions in the
environment. This goal can be addressed at many scales from statistical analyses of entire
ecosystems (Barberdn et al. 2012; Malfatti & Azam 2010; Ruff et al. 2015; Steele et al. 2011;
Sunagawa et al. 2015) to high resolution image analysis of specific symbioses (Malfatti & Azam
2010; McGlynn et al. 2015; Orphan 2009; Orphan et al. 2001b; Wegener et al. 2015). Previous
studies have shown that complex datasets can be distilled to determine primary ecosystem drivers,
such as temperature, as main predictors of community variability (Sunagawa et al. 2015). In
addition to correlating microbial patterns to environmental factors, interspecies interactions can be
evaluated with methods such as co-occurrence analysis (Friedman & Alm 2012). Statistical
significance of co-occurrence can be assessed at scales ranging from the entire genome to the

operational taxonomic unit (OTU) (Barberan et al. 2012; Chaffron et al. 2010).

Many physical separation methods have been developed to partition complex microbial
assemblages before analysis, including fluorescence-activated flow sorting (Amann et al. 1990;
Yilmaz et al. 2010), optical trapping (Ashkin 1997), microfluidics (Melin & Quake 2007), and
immunomagnetic beads (Pernthaler et al. 2008; Safaiik & Safatikova 1999) that use characteristics
of interest such as phylogenetic identity (Fluorescence In-Situ Hybridization; FISH) or activity
(Berry et al. 2015; Hatzenpichler & Orphan 2015; Hatzenpichler et al. 2014; Kalyuzhnaya et al.
2008; Wegener et al. 2012).

Here we combine Magneto-FISH and Illumina Tag (iTag) sequencing utilizing the Earth
Microbiome Project (EMP) universal primer set (Caporaso et al. 2012). The Magneto-FISH
method was originally developed to enrich for and characterize multi-species microbial
associations in environmental samples (Pernthaler et al. 2008). This method consists of a liquid
CARD (CAtalyzed Reporter Deposition)-FISH reaction as a 16S rRNA gene identity-based
selection mechanism followed by an immunomagnetic sediment matrix separation mechanism to
target specific phylogenetic groups in conjunction with their physically associated microbial
partners. By combining this method for phylogenetically targeted physical separation with high

throughput amplicon sequencing, we can compare an array of associated microbial communities in
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parallel, with replicates. This provides statistical power in deriving microbial associations from

complex sediment community assemblages, and thereby improving hypothesis development.

Anaerobic methane-oxidizing (ANME) archaea and sulfate-reducing Deltaproteobacteria (SRB)
are the predominant community members discussed in methane seep literature and form syntrophic
partnerships in physical associations, termed “aggregates” or consortia (Boetius et al. 2000; Green-
Saxena et al. 2014; Kanittel et al. 2003; Orphan et al. 2001a; Schreiber et al. 2010). Since physical
association appears to be an important element for consortia activity (McGlynn et al. 2015;
Wegener et al. 2015), methods like Magneto-FISH are ideal for probing this system because target
organisms are separated from the sediment matrix along with their physically associated partners.
A hierarchical probe set was chosen targeting Deltaproteobacteria and their ANME partners to
create nested Magneto-FISH enrichments from methane seep sediment incubations under methane
headspace. This method allows us to examine potential physical associations between ANME and
SRB taxa and other microorganisms using co-occurrence statistical methods applied to iTag

sequences from nested Magneto-FISH enrichments.

ANME have been broadly divided into three separate groups, which can be further subdivided into
ANME-1a, 1b, 2a, 2b, 2c¢, and 2d, and 3. ANME-1 archaea are a unique order-level lineage within
the Euryarchaeota, between the Methanomicrobiales and the Methanosarcinales, known to
associate with sulfate-reducing bacteria, but obligately associated lineages have yet to be defined.
ANME-2 archaea, within the order Methanosarcinales, commonly form associations with
Desulfosarcina/Desulfococcus-related (DSS) sulfate-reducing Deltaproteobacteria (Boetius et al.
2000; Orphan et al. 2001a; Schreiber et al. 2010). They have also been found in association with
Desulfobulbus-related (DSB) Deltaproteobacteria in the same environments, where geochemical
factors have been suggested as a possible explanation for partner differentiation (Green-Saxena et
al. 2014). ANME-2a/b and ANME-2c both predominately associate with a subgroup of DSS,
SEEP-SRB1 (Schreiber et al. 2010), but also form consortia with DSB (Green-Saxena et al. 2014;
Pernthaler et al. 2008). ANME-3 has been found in association with Desulfobulbus-related
Deltaproteobacteria (Niemann et al. 2006) and SEEP-SRBI1 (Schreiber et al. 2010). These ANME
groups have also been observed in the environment without bacterial partners (House et al. 2009;
Orphan et al. 2002; Schreiber et al. 2010; Treude et al. 2007). In addition to ANME archaea, other

uncultured archaeal lineages commonly recovered from methane seeps include Marine Benthic
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Group-D (Thermoplasmatales), Deep Sea Archaeal Group / Marine Benthic Group-B (Ruff et al.
2015; Yanagawa et al. 2011), and sometimes methanogens (Orphan et al. 2001a; Ruff et al. 2015;
Takano et al. 2013; Vigneron et al. 2015).

Deltaproteobacteria diversity beyond DSS and DSB has also been well described in methane
seeps. In addition to SEEP-SRBI1, Knittel et al. (2003) define three more Deltaproteobacteria
clades within Desulfobulbaceae (SEEP-SRB2, 3 and 4). Green-Saxena et al. (2014) also described
a Desulfobulbaceae affiliated seepDBB group in methane seep systems. Bacterial diversity
surveys of methane seep habitats frequently report occurrence of other diverse Proteobacteria
including sulfur oxidizers (Gammaproteobacteria and Epsilonproteobacteria) and putative
heterotrophs (Alphaproteobacteria and Betaproteobacteria) (Pernthaler et al. 2008; Ravenschlag et
al. 1999). Many other bacterial phyla have also been found such as Firmicutes, Thermomicrobia,
Bacteroidetes, Chlorobi, Nitrospira, WS3, OD1, OP11, TM7, and WS6 (Schreiber et al. 2010);
Cytophaga and Flavobacteria (Knittel et al. 2003); Chloroflexi, Atribacteria (previously Candidate
Division JS1), CDI12, WSI1, OS-K, AC1, and Planctomycetes (Yanagawa et al. 2011); and
Acidobacteria (Ravenschlag et al. 1999). Ruff et al. (2015) indentify Methanomicrobia,
Deltaproteobacteria, Hyd24-12 and Atribacteria as the characteristic ‘core’ microbial taxa in
methane seep ecosystems, as compared to Gammaproteobacteria, Flavobacteria,
Thermoplasmatales, and MBG-B taxa that were found in high relative abundance in seeps and

other marine ecosystems.

Despite the wealth of bacterial and archaeal diversity in methane seep sediments, little is known
about potential associations with ANME/SRB, or associations that do not involve ANME or SRB.
Our study utilizes the novel combination of targeted Magneto-FISH enrichment of specific
microbial taxonomic groups and iTag sequencing to develop statistically supported co-occurrence
microbial networks to address knowledge gaps in our understanding of methane seep microbial
communities. Network analysis revealed many novel associations between methane seep
Proteobacteria taxa and Candidate phyla. The significant co-occurrences observed suggest new
avenues for future studies on microbial interactions involved in carbon and sulfur cycling in

methane seep systems.
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Materials & Methods.
Sample collection and Magneto-FISH

iTag Magneto-FISH enrichments were conducted using a large scale (1 L) incubation of methane
seep sediment from Hydrate Ridge North (offshore Oregon, USA) collected in September 2011 at
44°40.02° N 125°6.00° W, from a water depth of 775 m using the ROV JASON II and the R/V
Atlantis. Marine sediment was collected using a push core to sample a sulfide-oxidizing microbial
mat adjacent to an actively bubbling methane vent. A sediment slurry from the upper 0-15 cm
depth horizon of the push core was prepared with 1 volume N, sparged artificial seawater to 1
volume sediment, overpressurized with methane (3 bar) and incubated at 8°C in a 1 L Pyrex bottle

capped with a butyl rubber stopper until subsampling for Magneto-FISH.

In February 2015, incubation samples were immediately fixed in 0.5 ml sediment aliquots in 2%
paraformaldehyde (PFA) for 3 hrs at 4°C. The samples were washed in 50% phosphate-buffered
saline (PBS): 50% EtOH, then 75% EtOH: 25% DI water, and resuspended in 2 volumes (1 ml)
100% ethanol. Samples were centrifuged at 1000 x g for 1 min between wash steps. After
fixation, the Magneto-FISH method first described by Pernthaler et al. (2008) and further
optimized by Schattenhofer and Wendeberg (2011) and Trembath-Reichert et al. (2013) was used.
Briefly, a liquid CARD-FISH reaction was followed by immunomagnetic bead incubation coupled
with anti-fluorecsein attaching magnetic beads to CARD-FISH hybridized aggregates. Samples
were then held against magnets and the sediment matrix was washed away, retaining target cells
and physically associated microbes in the magnetic portion, as described in Trembath-Reichert et
al. 2013. Four previously published FISH probes were used targeting a range of
Deltaproteobacteria and Methanomicrobia (Table 1). A subset of three 0.5 ml aliquots was also
immediately frozen before fixation (unfixed bulk sediment), and another three aliquots were frozen
after fixation (fixed bulk sediment) for bulk sediment comparison with Magneto-FISH
enrichments. Sediment for MSMX-Eel 932 Magneto-FISH metabolic gene analysis was fixed and
washed onboard in September 2011, as described above. See methods flow chart provided in Sup

Figure 1.
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Table 1: FISH probes and primers used in this study. References: (Akerman et al. 2013; Blazejak et al.
2006; Boetius et al. 2000; Caporaso et al. 2012; DeLong 1992; Lane 1991; Loy et al. 2002; Macalady et
al. 2006; Manz et al. 1996; Manz et al. 1992; Manz et al. 1998; Neef et al. 1998; Schreiber et al. 2010;
von Wintzingerode et al. 1999; Wagner et al. 1998)

Name

Sequence (5'-> 3)

Target

FA (%) /
Annealing (°C)

PROBES for Magneto-FISH & CARD-FISH

DSS_658 TCCACTTCCCTCTCCCAT Desulfosarcina/

Desulfococcus, Desulfofaba,

Desulfofrigus 50
Delta_495a AGTTAGCCGGTGCTTCCT Most Deltaproteobacteria and

most Gemmatimonadetes 35
Delta_495a- AGTTAGCCGGTGCTTCTT
comp 35
Seep-1a_1441 CCCCTTGCGGGTTGGTCC Seep-SRB1a 45
MSMX-Eel 932 | AGCTCCACCCGTTGTAGT All ANME groups 35
ANME-1_350 AGTTTTCGCGCCTGATGC ANME-1 40
Epsi_404 AAAKGYGTCATCCTCCA Epsilonproteobacteria 30
Gam_42a GCCTTCCCACATCGTTT Gammaproteobacteria 35
Gam_42a
comp (Bet42a) GCCTTCCCACTTCGTTT Betaproteobacteria 35
Pla_46 GACTTGCATGCCTAATCC Planctomycetes 35
Pla_886 GCCTTGCGACCATACTCCC Planctomycetes 35

CFB (Cytophaga,

Bacteriodales,

Flavobacterium,
CF_319A TGGTCCGTGTCTCAGTAC Sphingobacterium) 35
CF_319B TGGTCCGTATCTCAGTAC CFB (mostly Cytophaga) 35
PRIMERS for iTAG

V4 region universal 16S
515F GTGCCAGCMGCCGCGGTAA rRNA 55

V4 region universal 16S
806R GGACTACHVGGGTWTCTAAT rRNA 55
PRIMERS for CLONE LIBRARIES
Bac27F AGAGTTTGATYMTGGCTC Bacterial 16S rRNA 54
U1492R GGYTACCTTGTTACGACTT Universal 16S rRNA 54
10-30Fa TCCGGTTGATCCTGCC Archaeal 16S 54
Arc958R YCCGGCGTTGAMTCCAATT Archaeal 16S 54
DSR1F ACSCACTGGAAGCACG dsrAB 61-48
DSR4R GTGTAGCAGTTACCGCA dsrAB 61-48
APS 1F TGGCAGATCATGATYMAYGG APS reductase 54
APS 4R GCGCCAACYGGRCCRTA APS reductase 54
sox527F TGGTWGGWCAYTGGGAATTTA | sulfate thiol esterase 46
sox1198R AGAANGTATCTCKYTTATAAAG sulfate thiol esterase 46
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iTag Amplification

For iTag sequencing, ten Magneto-FISH enrichments were performed in parallel using the FISH
probes DSS 658 (triplicate), MSMX-Eel 932 (triplicate), SEEP-1a 1441 (duplicate), Delta 495a
+ Delta_495a competitor (duplicate). Magneto-FISH enrichments and bulk sediment samples were
resuspended in 650 pl solution PM1 and transferred to silica tubes from the PowerMicrobiome
RNA Isolation Kit (MoBio). This kit was chosen based on manufacturer recommendation for
formalin-fixed sediment samples, with the added capability to co-elute RNA if desired. 6.5 pl of
beta-mercaptethanol was added, and samples were mechanically lysed in a bead beater
(FastPrepFP120, ThermoElectronCorp.) for 45 s at setting 5.5 and incubated at 65°C for 3.5 hrs.
The remaining steps in the PowerMicrobiome RNA Isolation Kit were followed according to
manufacturer instructions (starting at step 5) without any DNase procedures, and eluting in a final
volume of 60 pl ultrapure water. DNA extracts were quantified using a Qubit Flurometer and HS
dsDNA kit (Invitrogen; Sup Table 1). All but one Magneto-FISH sample had DNA concentrations
below detection (<0.5 ng/ul); however, all samples yielded PCR amplicons when viewed on a gel

after initial pre-barcoding PCR (30 cycles).

iTag samples were prepared with Earth Microbiome Project (EMP) primers 515f and 806r
(Caporaso et al. 2012). An initial amplification of 30 cycles with primers lacking the barcode,
linker, pad, and adapter was performed for all samples, in duplicate. Duplicate PCR reactions were
pooled and reconditioned for 5 cycles with barcoded primers, for a total of 35 cycles. A master
mix of 2X Q5 Hot Start High Fidelity Master Mix (NEB) and 10 uM forward and reverse primers
was prepared for a final volume of 15 pl per sample, with 1 ul DNA template. PCRs had an initial
2 min heating step at 98°C, followed by cycles of 10 s 98°C, 20 s 54°C, and 20 s 72°C, and finished
with a final extension of 2 min at 72°C. PCR negative controls, substituting ultrapure water for
DNA template, were amplified for 40 cycles total. We note that these are not the official
recommended reagents or PCR conditions from the EMP, but internal lab tests showed that for 6
out of 9 mock community taxa, recovered sequence relative abundances were more accurate when
using Q5 polymerase rather than the recommended Hot Start MasterMix (5-prime). EMP primers
were chosen for iTag for cross-comparison between studies, though there is known primer bias
within this universal primer set (Parada et al. 2015) and sequencing reactions will always have

some inherent variability.
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Mock Communities

Four mock communities were prepared with a range of relative proportions of nine common
methane seep taxa (Sup Table 2). Full-length 16S rRNA gene plasmids from each taxa listed were
quantified by Qubit. Taking into account the plasmid’s nucleotide composition and length in order
to calculate its molecular weight, plasmids were quantitatively combined in known volumetric
fractions to achieve a range of desired mock community compositions. These combined plasmid
mixes were diluted to ~1 ng/uL and then prepared according to the same iTag methods as all other

samples.
iTag sequence processing

We followed the mothur Standard Operating Procedure (SOP) for Illumina MiSeq sequencing of
the 16S rRNA gene V4 region, accessed May 2015 and using methods described in Kozich et al.
(2013) with UCHIME chimera checking (Edgar et al. 2011). A concatenated file of the mothur
version of separate archaeal and bacterial SILVA 119 databases (Quast et al. 2013) was used for
alignment and classification. Unfixed Bulk Sediment 1 only returned 8% of the average DNA
concentration of the other two samples. (Sup Table 1). This sample was removed from statistical
analyses because it fails to be a representative of the unfixed bulk sediment community baseline.
The mock communities were processed following the “Assessing Error Rates” section of the
mothur SOP to compute sequencing error rates and spurious OTU rates (Sup Table 4). Additional
analysis demonstrating sequence processing did not selectively remove ANME-2c sequences and
relative sequence abundances recovered with iTag sequencing of mock communities are provided

in Sup Table 3 and Sup Table 2, respectively.

Using R version 3.1.3 (R Core Team 2015), an average number of sequences per OTU was
calculated from unfixed bulk sediment samples (2 and 3). All OTUs with an average relative
sequence abundance below 0.1% in the unfixed bulk sediment were identified and removed from
all samples using mothur. 135 unique OTUs remained out of 25,354. We also verified that after
the 0.1% cutoff was applied, no negative control contaminant OTUs remained. The top 20 OTUs

amplified from the no template negative control were classified as, in order of sequence
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abundance:  Sphingomonas*;  Planctomyces®;  Escherichia-Shigella*;  Staphylococcus;
Roseomonas®; Pir4 lineage; Delftia*; Macrococcus; Myxococcales;0319-6G20;unclassified,;
Planctomyces; Enhydrobacter; Sphingobium*; Caenispirillum; Bacillus*; Pseudoxanthomonas®;
Peptoniphilus; Lysobacter; Salinicoccus; Propionibacterium.* Reagent contaminant genera
discussed in Salter et al. (2014) are denoted by (*). All samples (including mock community and
negative controls) were submitted to the SRA under the accession SAMNO03879962, BioSample:
SAMNO03879962, Sample name: PC47 (5133-5137) mixed slurry.

Gene libraries of the Magneto-FISH samples were prepared as in Trembath-Reichert et al. (2013)
using the primers and annealing temperatures listed in Table 1 and TOPO TA Cloning Kit for
Sequencing with pCR4-TOPO Vector and One Shot Top 10 chemically competent Escherichia coli
(Life Technologies). All full-length 16S rRNA gene sequences were aligned by the SINA online
aligner (v 1.2.11; Pruesse et al. 2012) and added using maximum parsimony to the SILVA 119
database (Quast et al. 2013) for classification. A taxonomy-based count table was prepared
(sequences per taxa, per sample) and all taxa absent from the bulk sediment library were removed
from Magneto-FISH enrichment libraries (for parity with iTag contaminant removal processing).
Functional gene sequences were translated using the EMBOSS online translation tool (Li et al.
2015), then added to ARB (Ludwig et al. 2004) databases for phylogenetic placement and
classification. Sequences were submitted to NCBI under the following accession numbers: AprA
(KT280505 - KT280517), DsrA (KT280518 - KT280533), McrA (KT280534 - KT280581),
Archaeal 16S rRNA gene (KT280582 - KT280632), Bacterial 16S rRNA gene (KT280633 -
KT280909), SoxB (KT280910 - KT280928). Gene trees were computed with representative
sequences using PhyML 3.0 (Guindon et al. 2010) online execution with defaults on the South of

France Bioinformatics platform.

Statistical Analysis

Weighted UniFrac (Lozupone & Knight 2005), Metastats (White et al. 2009), and linear
discriminant analysis (LDA) effect size (LEfSe) (Segata et al. 2011) analyses were computed in
mothur as outlined in the mothur SOP. Co-occurrence statistical analyses were run using the table
of 135 unique OTUs in the format of sequence counts of each OTU per sample. The program

SparCC was used to determine significant correlations (Friedman & Alm 2012). This analysis was
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run 100 times with default settings, except 10 iterations were used instead of 20. OTUs with
SparCC correlations above an absolute value of 0.6 with p-values below 0.01 were considered
significant. Resulting associations that occurred in at least 50 out of 100 network iterations are
provided in Sup Table 5. Cytoscape (Shannon et al. 2003) was used to display associations in
Figure 1.

CARD-FISH microscopy

A triple CARD-FISH hybridization was performed with bacterial probes listed in Table 1, ANME-
1 350 and MSMX-Eel 932. The sample preparation and CARD reaction was performed as per
Green-Saxena et al. (2014). After the three CARD reactions, samples were post-stained with
DAPI (25 ng/ul). CARD signal within any part of a physically attached group of cells larger than
10 um was counted as a positive identification. For example, a large EPS matrix that contained
many smaller separate ANME-1 and ANME-2 aggregates would count as one positive
identification for each clade. This was done to simulate groups that would have been isolated
together in a Magneto-FISH enrichment. Since the MSMX-Eel 932 probe also targets the
ANME-1 population, only cells with MSMX-Eel 932 signal and no ANME-1 350 signal were
recorded as an ANME-2 positive identification to comprehensively target ANME-1, -2, and a
bacterial partner in a triple CARD-FISH hybridization set. ANME-3 were not recovered in the

iTag dataset and were not considered as potential contributors to MSMX-Eel 932 signal.

Results.

Relative sequence abundance of seep microbiome taxa in 16S rRNA gene iTag and libraries

Relative sequence abundances of the methane seep microbiome characteristic taxa, ANME
archaea, Deltaproteobacteria, Hyd24-12, and Atribacteria (Ruff et al. 2015), were compared two
ways: 1) between iTag and gene library 16S rRNA gene samples to determine how relative
sequence abundances differed between sequencing methodologies, and 2) between Magneto-FISH
enrichment and bulk sediment to determine taxa-specific relative sequence abundance for each

probe (Table 1).
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Mock community analysis showed that ANME-2 were always underrepresented in iTag data (0.32-
0.81 fold of what was expected), whereas the Deltaproteobacteria and ANME-1b were more
faithfully represented (Sup Table 2). ANME-1a was consistently over amplified. By normalizing
the relative sequence abundance of ANME-2c, -2a/b, and -1a to the abundance of ANME-1b, the
most faithfully amplified archaea in the mock community data (Sup Table 2), we could compute a
ratio between the average relative sequence abundance in fixed bulk sediment samples between
iTag and the archaeal 16S rRNA gene library. ANME-2¢ (0.04 iTag:clone ratio), ANME-2a/b
(0.12), and ANME-1a (0.40) were all less abundant in iTag sequences as compared to the archaeal
gene clone library (calculated from values in Table 2). Similarly comparing SEEP-SRBI1 to
Desulfobulbus between the two methods in fixed bulk sediment returns a ratio of 0.41 iTag:clone.
Since the iTag methodology recovers far more diversity (e.g. Desulfobacula, Desulfocapsa,
Desulfoluna, Atribacteria, and Hyd24-12 were not recovered in the bacterial 16S rRNA gene bulk
sediment library), it is expected that the relative sequence abundances of each individual taxon
computed from iTag data would be less than from the domain targeted 16S rRNA gene libraries.
However, the ANME-2c abundance ratio was an order of magnitude less than ANME-1a and
SEEP-SRBI ratios, and appears to be an extreme case of underestimation in iTag data. There was
also variation between Magneto-FISH enrichment replicates, as indicated by the high standard
deviations of Magneto-FISH samples as compared to bulk sediment samples. The degree of
variation (average standard deviation across all taxa listed) correlated with the specificity of the
probe; where Delta 495a had the lowest average standard deviation and Seep-la 1441 had the

highest average standard deviation.

The high relative sequence abundance taxa (>1.5 fold relative sequence abundance increase over
fixed bulk sediment; Table 2) in the averaged Seep-la 1441 iTag Magneto-FISH enrichments
were Desulfoluna (2.20), SEEP-SRB1 (2.36), Hyd24-12 (3.44), and Atribacteria (1.51) (Table 2).
The DSS 658 enrichment had fewer high relative sequence abundance taxa with only Desulfoluna
(4.62), Spirochaeta (4.36), and Atribacteria (4.80). The Delta 495a enrichment also had three
high relative sequence abundance taxa with Desulfobulbus (2.52), Spirochaetae-uncultured (3.70),
and Atribacteria (3.02). The MSMX-Eel 932 enrichment had six high relative sequence
abundance taxa with Desulfococcus (1.85), Desulfoluna (8.47), SEEP-SRB1 (1.67), Spirochaeta
(1.63), Hyd24-12 (1.73), and Atribacteria (7.18). Gene library results showed high relative
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sequence abundance (>1.5) in both ANME and Deltaproteobacteria with DSS 658 and MSMX-
Eel 932 enrichments (Table 2). Similar to the bulk sediment, Desulfobacula, Desulfocapsa,
Desulfoluna, Atribacteria and Hyd24-12 were not recovered in the bacterial 16S rRNA gene
Magneto-FISH libraries. MSMX-Eel 932 enriched for SEEP-SRB1 (2.73), SEEP-SRB4 (3.28),
Desulfococcus (3.82), Spirochaeta (1.64), and ANME-2a/b (2.51) in 16S rRNA gene libraries.
There was also a slight enrichment of ANME-2¢ (1.28). The DSS 658 enrichment had high
relative sequence abundance for SEEP-SRB1 (1.74), SEEP-SRB2 (2.78), ANME-2c¢ (1.54), and
ANME-2a/b (2.24) with iTag, but these same taxa did not have high relative sequence abundance
in the gene library. Spirochaeta and SEEP-SRB1 had high relative sequence abundance in both
iTag and gene libraries for MSMX-Eel 932 enrichments. Relative sequence abundances for all
non-core methane seep taxa in iTag samples are included in Table 3, and where Magneto-FISH
enrichments of these additional taxa support network co-occurrences they are discussed in network

results.
Statistical evaluation of Magneto-FISH enrichment

To statistically compare enrichment microbial communities, we used a suite of statistical tests
including: non-parametric T-tests (White et al. 2009), LEfSe (Segata et al. 2011), and UniFrac
(Lozupone & Knight 2005). Using the T-test comparison, ten OTUs were significantly (p<0.001)
different between the bulk sediment and Magneto-FISH samples (when only including OTUs with
sequences present in both groups). The taxonomic assignments for these ten OTUs were:
WCHBI1-69, Desulfobulbus, Thaumarcheota, ANME-la, Bacteroidetes (VC2.1), ANME-2c,
Caldithrix, SEEP-SRB1, Candidate Division TA06, and Gammaproteobacteria (CS-B046).
LEfSe was then used to determine which OTUs were significantly different between Magneto-
FISH enrichments and bulk sediment. We found three OTUs were significantly (p-value <0.05)
higher in relative sequence abundance in Magneto-FISH samples over bulk sediment with the

taxonomies: SEEP-SRB1, Desulfobulbus, and Planctomycetes (SHA-43).

Weighted UniFrac analysis was used to compare the community composition between Magneto-
FISH iTag enrichments. The UniFrac metric represents the fraction of the branch length that is
unique to each sample, or unshared between samples, such that a higher ratio means less similar

samples. The Deltaproteobacteria probe enrichment communities were more similar to each other
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16S rRNA gene (iTAG) 16S rRNA gene (Clone Library)
Fixed
Seepla_1441 DSS_658 Delta_495a MSMX-Eel_932 Fixed Bulk Unfixed Bulk DSS_658 MSMX-Eel_932 Bulk
Rel. Rel. Rel. Rel. 24 arc, Rel. 60 arc, Rel. | 43arc,
Taxon Avg. Stdev. Fixed | Avg. Stdev. Fixed | Avg. Stdev. Fixed | Avg. Stdev. Fixed | Avg. Stdev. | Avg. Stdev. | 41bac Fixed | 87 bac Fixed | 95 bac
ANME-1a 0.07 0.07 0.67 | 0.04 0.04 0.36 0.01 0.05 | 0.07 0.01 0.61 | 0.11 0.02 | 0.10 0.02 0.08 0.28 0.08 0.28 0.30
ANME-1b 0.11  0.08 0.92 | 0.09 0.05 0.74 | 0.12  0.05 0.95 | 0.15 0.09 122 | 012 0.03 | 0.08 0.01 0.14
ANME-2a/b 0.01 0.19 | 0.01 0.01 0.31 0.01 0.11 | 0.02 0.01 | 0.01 0.42 2.24 0.47 2.51 0.19
ANME-2c 0.01 0.09 0.01 0.01 | 0.01 0.50 1.54 0.42 1.28 0.33
Desulfobacula 0.01
Desulfobulbus | 0.08  0.06 1.01 | 0.11 0.05 130 | 0.20 0.14 2.52 | 0.03 o0.01 0.36 | 0.08 0.01 | 0.12 o0.01 0.05 0.66 0.06 0.78 0.07
Desulfocapsa | 0.02  0.01 1.02 0.16 0.01 0.32 | 0.02 0.03 1.10 | 0.01 0.01 0.05
Desulfococcus | 0.03  0.03 0.67 | 0.03 0.03 0.61 | 0.03 0.04 0.74 | 0.08 0.13 1.85 | 0.04 0.03 0.08 3.82 0.02
Desulfoluna | 0.01  0.02 2.20 | 0.02 0.02 4.62 0.04 0.04 8.47 | 0.01 0.01
SEEP-SRB1 0.13  0.07 236 | 0.05 0.01 0.84 | 0.04 0.01 0.78 | 0.09 0.08 1.67 | 0.06 0.06 0.22 1.74 0.34 2.73 0.13
SEEP-SRB2 0.02 0.02 0.33 | 0.04 0.03 0.85 | 0.01 0.01 0.19 | 0.07 0.05 135 | 0.05 0.01 | 0.05 0.15 2.78 0.06 1.09 0.05
SEEP-SRB4 0.01 0.02 134 (001 o0.01 1.30 0.01 0.39 0.12 | 0.01 0.01 0.03 3.28 0.01
Hyd24-12 0.04 0.03 3.44 | 0.01 0.02 1.15 0.03 | 0.02 0.03 1.73 | 0.01 0.01
Atribacteria | 0.02  0.03 1.51 | 0.08 0.07 4.80 | 0.05 0.07 3.02 | 0.12 0.12 7.18 | 0.02 0.02
Spirochaeta 0.01 0.76 | 0.02 0.03 4.36 0.01 0.01 1.63 0.01 0.02 1.16 0.03 1.64 0.02

Table 2: Relative sequence abundances were computed for the top 135 OTUs in the iTag dataset. These OTUs correspond to ~55% of the total
sequences in the unfixed bulk sediment. Bacterial and archaeal 16S rRNA gene libraries are included for the core methane seep taxa, with the total

number of clones for each library indicated above. Core methane seep taxa were based on Ruff et al. (2015) and include: Candidate Phylum

Atribacteria, Candidate Division Hyd24-12, Methanomicrobia, Caldilineales, Desulfobacterales, and Spirochaetales. While we did recover other
Chloroflexi, no Caldilineales were recovered in iTag or gene library sequencing so they are not included in Table 2. Fixed bulk sediment was chosen

for baseline comparison (rather than unfixed) since it includes the potential loss of cells due to fixation and wash steps, thereby processed more

similarly to the Magneto-FISH samples. An average and standard deviation for relative sequence abundance among replicates was calculated for each
sample set. A ratio of the average relative sequence abundance of Magneto-FISH enrichments compared to the fixed bulk sediment value is reported
(Rel. Fixed). Ratios over 1.5 are underlined. 16S rRNA gene bacteria and archaea clone libraries for two Magneto-FISH enrichments and fixed bulk

sediment are also included for comparison to recovered iTag diversity.
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Table 3: Relative sequence abundances were computed for the top 135 OTUs in the iTag dataset that were not included in the core methane seep
microbiome. An average and standard deviation for relative sequence abundance among replicates was calculated for each sample set. A ratio of the
average relative sequence abundance of Magneto-FISH enrichments compared to the fixed bulk sediment value is reported (Rel. Fixed). Ratios over
1.5 are underlined. 16S rRNA gene bacteria and archaea clone libraries for two Magneto-FISH enrichments and fixed bulk sediment are also included
for comparison to iTag enrichment.

Seepla_1441 DSS_658 Delta_495a MSMX-Eel_932 Fixed Bulk
Rel. Rel. Rel. Rel.
Taxon Avg. Stdv. Fixed | Avg. Stdv. Fixed | Avg. Stdv. Fixed | Avg. Stdv. Fixed | Avg. Stdv.
Desulfarculaceae-uncl 0.02 0.03 2.53 | 0.02 0.03 2.39 | 0.01 0.01 1.01 | 0.05 0.05 7.18 | 0.01 0.01
Spirochaetae-uncl 0.21 0.04 0.02 3.70 0.06 0.01 0.01
Desulfuromusa 0.05 0.05 4.17 0.06 0.01 0.39 | 0.01
Pelobacter 0.01 0.01 248 | 0.01 0.01 1.95 0.10 0.01 0.81 | 0.01
Actinobacteria-OM1 0.01 0.01 0.88 | 0.03 0.01 2.64 | 0.03 0.04 2.60 | 0.01 0.01 0.97 | 0.01
Alpha-Ancalomicrobium 0.01 0.01 2.29 0.01 0.01 2.50
Bacteroidetes-Actibacter 0.01 0.02 1.38 0.01 0.45 | 0.01 0.01 0.69 0.06 | 0.01
Bacteroidetes-BD-2 0.03 0.01 1.49 | 0.01 0.02 0.58 | 0.02 0.01 0.94 | 0.03 0.02 1.29 | 0.02
Bacteroidetes-Lutibacter 0.02
Bacteroidetes-Marinilabiaceae 3.05 0.01 3.11
Bacteroidetes-SB-1 0.01
Bacteroidetes-SB-5 0.01 0.01 0.89 | 0.01 0.01 0.96 0.70 | 0.01
Bacteroidetes-VC2.1_Bac22 0.01 0.01 0.22 | 0.02 0.01 0.64 | 0.01 0.02 0.37 0.04 | 0.03
Bacteroidetes-WCHB1-69 0.29 0.01 0.30 0.11 | 0.01 0.01
Chlorobi-PHOS-HE36 0.03 0.04
Chloroflexi-Anaerolineaceae 0.02 0.02 0.73 | 0.01 0.01 0.43 | 0.01 0.01 0.23 | 0.02 0.02 0.69 | 0.03 0.01
Chloroflexi-Bellilinea 0.02 0.03 4.18 0.01 0.01 2.43
Deferribacteres-Caldithrix 0.01 0.01 0.31 | 0.01 0.01 0.19 0.01 0.01 0.46 | 0.03
Deferribacteres-SAR406 0.01 0.01 3.13 0.06 | 0.03 0.04 8.82 0.18
Fibrobacteres-uncl 0.01 1.50 0.01 4.82 0.01 1.16
Firmicutes-Fusibacter 0.01
Firmicutes-Negativicoccus
Firmicutes-other 0.01 0.59 | 0.01 0.01 1.15 0.01
Gam-endosymbionts 0.01 0.01 3.28
Gamma-other 0.40 0.34
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than any of the Deltaproteobacteria probes compared with the MSMX-Eel 932 probe (Table 4).
The most distinct communities were MSMX-Eel 932 enrichment and Delta 495a enrichment,
with the highest proportion of unshared branch length (0.97; p-value <0.001). MSMX-Eel 932
enrichment and DSS 658 enrichment had less unshared branch length at 0.88 (<0.001), suggesting
MSMX-Eel 932 and DSS 658 probes enrich for a more similar community than MSMX-Eel 932
and Delta 495a probes. Comparison of the MSMX-Eel 932 enrichment and SEEP-la 1441
enrichment communities was not significant at the <0.001 cutoff. Within the Deltaproteobacteria
probes, SEEP-la 1441 enrichment and DSS 658 enrichment had the lowest proportion of
unshared community (0.77, <0.001); the most similar community structures were recovered with
these two probes. The next lowest proportion of unshared community is between DSS 658
enrichment and Delta 495a enrichment (0.81). SEEP-la 1441 enrichment and Delta 495a
enrichment are least similar, at 0.85. All of these values are highly significant (<0.001). This is
consistent with the expectation that the overlap between the target microbial population of the
SEEP-1a 1441 probe would be most similar to the target microbial population of the DSS 658

probe, while the Delta 495a enrichment would recover more total Deltaproteobacteria diversity.

Assessing community structure with co-occurrence network analysis

After determination of statistically significant differences between iTag Magneto-FISH and bulk
sediment samples, we computed co-occurrence networks to observe which of the 135 most
abundant OTUs were correlated in the methane seep microbial community. By combining the
results from 100 separate microbial association calculations, we were able to assign confidence to
each microbial association and determine the most robust associations. Significant associations are

reported in Sup Table 5 and depicted as a network in Figure 1.

Focusing first on the common ANME syntrophic Deltaproteobacteria partner, SEEP-SRBI, this
taxon had the most associations in the network including nine positive associations and one
negative association (Figure 1). There are two separate sets of SEEP-SRB1 & Planctomycetes
(AKAU3564 sediment group) positive associations that are both well supported. SEEP-SRBI is
also associated with three other heterotrophic taxa (Candidate Phylum Atribacteria, Spirochaeta,
and Bacteroidetes (VC2.1_Bac22)) and one sulfur-oxidizing taxa (Sulfurovum). SEEP-SRB1 was
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also associated with Candidate Division Hyd24-12, which has a currently unknown ecophysiology,
but could be a heterotroph if the topology of heterotrophic taxa being in the center of the network
holds true. Hyd24-12 and Atribacteria are also both associated with the second most associated

taxa, Candidate Division OD1, but there was no direct association between SEEP-SRB1 and ODI.

SEEP-SRB2 has two of the same associations as SEEP-SRB1 (VC2.1 _Bac22 and Atribacteria),
but is the only Deltaproteobacteria associated with MBG-B, Anaerolineaceae, and Desulfoluna
(another Deltaproteobacteria). SEEP-SRB4 is associated with Desulfobulbus, and the only
Deltaproteobacteria associated with and ANME (2a/b), WS3, and Actibacter. WS3 had high
relative sequence abundance in both DSS 658 and MSMX-Eel 932 enrichments (Table 3).
Desulfobulbus 1is associated with Desulfococcus, the only Deltaproteobacteria associated with
BD2-2, and SAR406. SAR406 had high relative sequence abundance in Seepla 1441 and
Delta 495a enrichments (Table 3). The heterotroph Spirochaeta is also included in the core
methane seep microbiome and was associated with Clostridia and WS3, in addition to Hyd24-12

and SEEP-SRBI1.

In examination of additional OTUs associated with sulfur metabolisms, we found Sulfurovum and
Sulfurimonas (Epsilonproteobacteria) were not associated with each other, but are both associated
with Deltaproteobacteria. ~Sulfurimonas 1is associated with Desulfocapsa and Sulfurovum is
associated with SEEP-SRB1 and Desulfobulbus.  Sulfurovum had high relative sequence
abundance in MSMX-Eel 932 enrichments and Sulfurimonas had high relative sequence
abundance in Seep-la 1441, DSS 658, and Delta 495a enrichments (Table 3).  The
Gammaproteobacteria, Thiohalobacter, is only associated with Anaerolineaceae and was not

elevated in any of the Magneto-FISH enrichments.
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Figure 1: Co-occurrence analysis of the top 135 unique OTUs displayed in network form. Nodes represent
the taxonomy of the OTUs in the network and edges are the connections between OTUs. Node size is scaled
by number of connecting OTUs and colored by putative metabolic guild (blue — sulfate reducer, yellow —
sulfur oxidizer, pink — archaeal methanotroph, brown — heterotroph, green — mixotroph). Edge thickness is
scaled by number of occurrences of this association (from 50 to 100 times) and number of occurrences also
included along the edge. Negative associations are denoted by hashed lines. The combined network is
displayed using Cytoscape, with the average correlation coefficient across all runs determining the distance
between nodes and the number of occurrences in 100 network iterations determining edge width. Note JS1
now C.D. Atribacteria.
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Figure 2: Triple CARD-FISH hybridization using bacterial and archaeal probes targeting DSS 658 (A),
Gam42a (B), CF319A/B (C), and Epsi404 (D) in green FITC, with ANME1-350 in red and MSMX-
Eel 932 in yellow for all. Scale bar 5 pm for all. DAPI in blue.
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ANME-1_350 Eel_932 DSS_658 Epsi_404 Gam_42a Seep-1a_1441 CF_319A/B
Total 39 70 91 5 12 29 8
With ANME-1 36 2 6 21 0
With ANME-2 63 1 9 21 4
Percent of all 39% 70% 91% 10% 24% 58% 16%
Percent ANME-1 36% 4% 12% 42% 0%
Percent ANME-2 63% 2% 18% 42% 8%

Table 4: Aggregate counts from triple CARD-FISH hybridizations with probes targeting ANME-1
(ANME-1 350), all ANME (Eel 932), DSS-
type Deltaproteobacteria (DSS_658), Epsilonproteobacteria (Epsi_404), SEEP-SRB1a (SEEP-
la_1441) and Cytophaga, Bacteroidetes, Flavobacterium, and Sphingobacterium (CF_319A/B)
associations described in text.

Seep1a1441 DSS658 Delta495a Eel932
Seep1a1441 - 0.77* 0.85* 0.91+
DSS658 - - 0.81* 0.88*
Deltad495a - - - 0.97*

Table 5: Community comparison of iTag Magneto-FISH samples using weighted UniFrac
analysis. Significance of relationship between communities is reported with p-values: *=<0.001,
7=0.002, +=0.030Heterotrophs are the most dominant metabolic guild in the network, and similar
to sulfate-reducers, have some of the most connected taxa. The heterotroph OD1 has seven
positive correlations, in addition to Atribacteria and Hyd24-12 listed above: Bacteroidetes (BD2-
2), Actinobacteria (OM1), Pelobacter, ANME-1b, Chloroflexi (Anaerolineaceae), and
Desulfocapsa. Anaerolineaceae and Bacteroidetes (BD2-2) both had seven associations, but
with different connectivity. BD2-2 was interconnected with other heterotrophs, sulfate-reducers,
and archaeal methanotrophs in the main portion of the network, whereas Anaerolineaceae was
connected to three taxa that share no other connections (two heterotrophs and one
Gammaproteobacteria sulfur oxidizer). The one other ANME taxa in the network, ANME-1b, is
only positively associated with heterotrophs and no known sulfate reducing groups.

Assessing ANME-bacterial partnerships by CARD-FISH

To assess ANME and DSS relative cell abundance, 100 aggregates from the same sediment
& Methods) were analyzed with CARD-FISH and the
DSS 658/ANMEI1-350/MSMX-Eel 932 probe combination.  Epsi 404, Gam 42a, SEEP-

incubation (see Materials

la 1441, and CF_319A/B probes were also used with the archaeal probe combination to examine
non-DSS bacterial diversity recovered in the network analysis ANME associations. All probes,

target populations, and references are listed in Table 1.
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30% of aggregates contained an ANME-2 signal (see Materials & Methods; Table 5) and 39% of
aggregates had an ANME-1 signal. ANME-1 and ANME-2 identified cells were also consistent
with expected morphologies. Multiple clusters of mixed-type ANME/DSS, DSS-only, ANME-
only, DSS/non-ANME, and non-DSS/non-ANME aggregates were observed with the ANME-
1 350, MSMX-Eel 932, and DSS 658 probe combination (Figure 2a). There were no clear
examples of aggregates with ANME/non-DSS hybridized cells, though we found many instances
where both ANME and non-DSS cells were part of a larger aggregate cluster with other cell types.
ANME-1 cells often occurred in the matrix surrounding tightly clustered ANME-2 aggregates.
The SEEP-la 1441 probe, targeting a subgroup of DSS, was observed to hybridize with
aggregates that contained ANME-1 and ANME-2 cells, but usually with SEEP-SRB1/ANME-2 in
tight association and ANME-1 in more peripheral association. Five of the SEEP-SRB1/ANME-2
aggregates did not have ANME-1 cells (10%) and three of the SEEP-SRBI/ANME-1 aggregates
did not have ANME-2 cells.

Ten percent of aggregates (n=50 counted) hybridized with the Epsi 404 probe, broadly targeting
members of the Epsilonproteobacteria. These Epsilonproteobacteria were mostly found in
association with other bacteria and occasionally, loosely associated with some ANME. Epsi 404
hybridized cells were generally ovoid and scattered throughout an EPS matrix of cells, as depicted
in Figure 2d. There was no apparent preference for Epsilonproteobacteria association with
ANME-1 or ANME-2 aggregates (Table 4). A higher percentage of aggregates had
Gammaproteobacteria cells (24% of 50) than Epsilonproteobacteria cells, and there was a slightly
higher co-occurrence with ANME-2 (18%) than ANME-1 (12%) hybridized. The dominant
Gammaproteobacteria morphology observed was a cluster or chain of large (~1 um) ovoid cells.
Gam_42a hybridizing cell clusters and chains were found both separately and associated with other
bacteria, as in Figure 2b, where they are predominately an unidentified cluster stained by DAPI
with a sub-aggregate of ANME-2 cells. CF319A and CF319B were used to target Cyfophaga,
Bacteroidetes, Flavobacterium, and Sphingobacterium.  Eight percent (n=50 counted) of
aggregates contained cells positively hybridizing with the CFB probe, generally observed as
clustered filaments or rods (Figure 2c). Half of these aggregates also had ANME-2 hybridized
cells. No CFB cells were observed to co-associate with ANME-1.

Discussion.
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Evaluation of Magneto-FISH with iTag

Challenges accompanying downstream analysis of Magneto-FISH enrichments are primarily
associated with low DNA yield and poor DNA quality from aldehyde fixation (for further
discussion of fixation effects see Trembath-Reichert et al. 2013). Low template concentration
exacerbates amplification of contaminating sequences since target and non-target templates can
approach parity in a PCR reaction. Low template concentration has also been shown to create
random variation in amplification products in dilution experiments (Chandler et al. 1997), which
could explain the high variation seen in Magneto-FISH enrichment relative sequence abundances
compared to bulk sediment samples. Despite these challenges, the DNA recovered from
Magneto-FISH enrichments has been shown to increase the sequence abundance of target
organisms relative to the bulk sediment by 16S rRNA gene sequencing and metagenomics on
various Next Generation sequencing platforms (Pernthaler et al. 2008; Trembath-Reichert et al.
2013). In this study, conventional cloning and sequencing of full-length bacterial and archaeal 16S
rRNA genes had fewer contamination issues as compared to iTag sequencing with universal
primers. Our Magneto-FISH experiments were designed to mitigate as many sampling and iTag
sequencing biases between samples as possible, by concurrently extracting, amplifying, and
sequencing all Magneto-FISH samples in parallel, including biological and technical replicates.
The relative ratio of contaminant reads to environmental OTU’s were higher in Magneto-FISH
enrichments than in bulk sediment samples, but bulk sediment could be used to separate
indigenous community members from putative contaminants in the Magneto-FISH samples (see
Materials & Methods). This provided a conservative Magneto-FISH dataset for statistical analyses

and demonstrated the importance of parallel processing sequencing of bulk and separated samples.

In addition to issues with contaminating sequences, we also observed bias against some core
methane seep microbiome taxa, where these taxa were consistently underrepresented by iTag when
compared to gene libraries and CARD-FISH. ANME-2 was the most underrepresented taxon in
iTag sequencing of the bulk sediment and mock communities, with much greater relative sequence
and relative cell abundance in gene library sequencing and CARD-FISH analysis, respectively. It
is most likely that iTag sequencing bias with the EMP primer set is the reason ANME-2¢ was not
enriched in the Magneto-FISH samples and absent from microbial community network analysis.

Members of the ANME-2a/b were also, to a lesser extent, underrepresented with iTag. In addition
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to our gene libraries and CARD-FISH analysis, independent assays using FISH with mono labeled
oligonucleotide probes from this sediment incubation further confirmed the abundance of ANME-
2 aggregates; 25% of aggregates were ANME-2c and 17% of aggregates were ANME-2b, with
about half of ANME-2 aggregates associating with a bacterial partner other than SEEP-SRBI1
(Supplement McGlynn et al. 2015). We conclude that while expected ANME-2 associations were
not recovered, they can be explained by EMP iTag bias and therefore do not reduce the validity of
other non-ANME-2 associations recovered in the co-occurrence analysis (see Sup Table 2 and 3
captions for further discussion of ANME-2c bias). Although ANME-1a was not underrepresented
in the iTag data, it still does not appear in the co-occurrence network. In other co-occurrence
network studies dominant OTUs were not associated with the majority of the microbial
community, which was thought to be due to a high degree of functional redundancy (Mu &
Moreau 2015). Possible functional redundancy with other archaeal groups, or simply non-specific,
loose spatial association with many taxa, as suggested by CARD-FISH analysis, could explain why

ANME-1a was not recovered in our network analysis.

Despite this unanticipated methodological bias, iTag sequencing is a valid and valuable tool when
combined with Magneto-FISH enrichment techniques for microbial association hypothesis
development and testing. For example, we saw more bacterial OTUs, especially among
Deltaproteobacteria, in the iTag samples compared with conventional gene libraries and the core

methane seep taxon Hyd24-12 was not even observed among gene library sequences.

Magneto-FISH enrichment

This study provides a novel combination of nested Magneto-FISH enrichments and microbial
community network analysis methods to develop hypotheses regarding specific lineage
associations and, by inference, discusses the potential for additional metabolic interactions relating
to sulfur cycling in methane seep sediments. Notwithstanding the low recovery of ANME-2
OTUs, there was statistical support for Magneto-FISH enrichments increasing the relative iTag
sequence abundance of target organisms. Statistical analyses demonstrated SEEP-SRB1 and
Desulfobulbus OTUs were significantly different in Magneto-FISH samples (t-tests), and these
OTUs were significantly more enriched in Magneto-FISH samples using linear discriminant

analysis (LDA) effect size (LEfSe). Additionally, weighted UniFrac analysis showed the highest
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percentage of shared phylogeny was between the clade-specific SEEP-1a 1441 probe and the
family-specific Desulfobacteraceae DSS 658 probe enrichments. Therefore these Magneto-FISH
samples contain microbial community overlap consistent with probe target specificity, even when
some dominant community members are not represented at expected relative sequence abundance

in the iTag analysis (ANME-2).

Magneto-FISH enrichment relative sequence abundance followed expected trends for
Deltaproteobacteria (Table 2). SEEP-SRBI had the highest relative sequence abundance in Seep-
la 1441 and MSMX-Eel 932 enrichments, which should target this group. Desulfobulbus had the
highest relative sequence abundance in the Delta 495a enrichment, which was the only Magneto-
FISH probe that should hybridize to this group (though Desulfobulbus could also be retrieved via
association with other target organisms). OTUs affiliated with Desulfoluna (within the
Desulfobacteraceae) had the highest relative sequence abundance of all Deltaproteobacteria in the
DSS 658 enrichment and are also targeted by the DSS 658 probe. Desulfoluna were not
specifically targeted by MSMX-Eel 932 or Seep-1a 1441 probes, but had high relative sequence
abundane in these samples and may have a potential association with ANME/DSS consortia. Also,
Atribacteria (JS1) was recovered in all iTag sequencing of Magneto-FISH enrichments, suggesting
they may associate with either DSS/ANME or DSB/ANME consortia. Members of the Hyd24-12
were only recovered in Seepla 1441 and MSMX-Eel 932 enrichments and may preferentially
associate with SEEP-SRB1a/ANME consortia.

Evaluating our iTag relative sequence abundance data with co-occurrence analysis, we developed
hypotheses that were not subject to the variation between Magneto-FISH enrichment replicates;
associated taxa should always co-vary, even when they are less abundant than expected. Within
the core methane seep taxa, high relative sequence abundances of Atribacteria and Hyd24-12 with
SEEP-SRB1 targeting Magneto-FISH enrichments were upheld by the network. Hyd24-12 is
highly associated with SEEP-SRBI1, whereas Atribacteria is highly associated with both SEEP-
SRB1 (DSS) and SEEP-SRB2 (DSB). While Atribacteria have not been cultured, metagenomic
sequencing suggests they are likely heterotrophic anaerobes involved in fermentation (Nobu et al.
2015). Hyd24-12 was first cloned from Hydrate Ridge (Knittel et al. 2003) and has been cited as a
core methane seep microbial taxon (Ruff et al. 2015), but nothing is known about its physiology.

The Hyd24-12/SEEP-SRB1 association was also one of the four unique associations that were
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recovered in all the network computations (n=100). These results may aid in determining a role for

these enigmatic candidate phyla of the methane seep microbiome.

Methanomicrobia and Deltaproteobacteria only had one co-occurrence in our network. The one
statistically supported network ANME/SRB association was between ANME-2a/b and SEEP-
SRB4. SEEP-SRB4, belonging to the Desulfobulbaceae (Knittel et al. 2003), and ANME-2a/b
both had high relative sequence abundance in the ANME-targeting MSMX-Eel 932 enrichment
bacterial 16S rRNA gene library. There have been FISH-confirmed physical associations between
ANME-2/ANME-3 and Desulfobulbaceae (Green-Saxena et al. 2014; Loesekann et al. 2007,
Pernthaler et al. 2008) in AOM systems. SEEP-SRB4 was also strongly associated with the
candidate phyla WS3 in the network, and WS3 was enriched in both DSS 658 and MSMX-
Eel 932 enrichments. Both SEEP-SRB4 associations with ANME-2a/b and WS3 warrant future
study.

While expected ANME-2/Deltaproteobacteria associations were not recovered (see Evaluation of
Magneto-FISH with iTag), network analysis did recover many Deltaprotobacteria co-occurring
with bacterial groups. Almost half of all positive associations contained a Deltaproteobacteria
OTU (30/61), suggesting a dominant role for the sulfur cycle metabolisms. Of those, 21
associations were with a non-Proteobacteria OTU including a number of candidate organisms as
described above. The association between SEEP-SRBI1 and ‘AKAU3564,” a Planctomycetes-
affiliated heterotrophic sediment group, was observed twice with two separate OTU associations in
this clade that were both strongly supported (occurring 100/100 and 93/100 times, respectively,
that the network analysis was run, Sup Table 5). This Planctomycete group was first described in
methane hydrate bearing deep marine sediments of the Peru Margin (Inagaki et al. 2006).
Planctomycetes-associated sequences were previously recovered in association with ANME-2c
Magneto-FISH samples from the Eel River Basin, where the preferred partner was observed to be
the SEEP-SRB1 group (Pernthaler et al. 2008). It follows that SEEP-SRB1 may also co-occur
with Planctomycetes, if these organisms are affiliated (either directly or indirectly) with ANME-2
consortia. By similar logic, although it did not have high relative sequence abundance in the
Seepla 1441 enrichment, this could explain the high relative sequence abundance of this group in
the MSMX-Eel 932 enrichment (Table 3). Planctomycetes targeted CARD-FISH hybridization

using the general Planctomycetes probe Pla 886 was attempted; however, many cells with a
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morphology similar to ANME-1 were hybridized and the results were deemed inconclusive. This
ambiguity could be due to the probe’s single base pair mismatch to 97% of ANME-1a, 94% of
ANME-1b, and 25% of ANME-2b, even if this mismatch was centrally located (SILVA TestProbe
online tool, Greuter et al. 2015). Spirochaeta was also associated with SEEP-SRB1, in addition to
Hyd24-12 and WS3, and had high relative sequence abundance in both the DSS 658 and MSMX-
Eel 932 enrichments (Table 2). In addition to being core methane seep microbial taxa, some
members of the Spirochaetes have sulfide-oxidizing capabilities in mats with sulfidogenic bacteria
(Dubinina et al. 2004) and it is possible that these organisms may be utilizing sulfide produced in

seep systems as well.

Epsilonproteobacteria and Deltaproteobacteria were the most common intra-Proteobacteria
association in the network and have been shown to co-occur in many sulfidic habitats (Campbell et
al. 2006; Omoregie et al. 2008), where Epsilonproteobacteria oxidize sulfur and
Deltaproteobacteria disproportionate or reduce sulfur species (Pjevac et al. 2014). In the network,
Sulfurovum was associated with both SEEP-SRB1 and Desulfobulbus, and this was also seen in the
relative sequence abundance data where Sulfurovum had high relative sequence abundance in all of
the Deltaproteobacteria Magneto-FISH enrichments. Epsilonproteobacteria have been shown to
oxidize sulfide to S° or HS™ to sulfate in microbial mats (Pjevac et al. 2014), allowing some sulfur
substrate differentiation between these Epsilonproteobacteria groups in this system. Sulfurimonas
was not strongly associated with any Deltaproteobacteria in the network analysis and only had
high relative sequence abundance in the MSMX-Eel 932 enrichment (16S rRNA gene iTag, 16S
rRNA gene bacterial, and soxB gene libraries; see Sup Figure 2 for further discussion of metabolic
genes). CARD-FISH analysis using probe Epsi 404 confirmed the presence of
Epsilonproteobacteria cells within some ANME and other non-hybridized cell-containing loose
aggregates, but did not appear to be in the tight physical association characteristic of ANME/SRB
consortia. While cultured representatives of these Epsilonproteobacteria have optimum growth
with some oxygen present (Inagaki et al. 2003; Inagaki et al. 2004), it is possible that these
uncultured methane seep Epsilonproteobacteria may be able to use other oxidants such as nitrate

or intermediate sulfur species while in anaerobic incubation conditions.

In comparison to Delta- and Epsilonproteobacteria, there was only one Gammaproteobacteria

OTU in the network (Thiohalobacter, with one Anaerolineaceae association). Cultured
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representatives of Thiohalobacter have diverse sulfur capabilities, including thiocyanate
metabolism, but are not known to form associations with other sulfur cycling organisms (Sorokin
et al. 2010). This differentiation between Gamma- and Epsilon-/Deltaproteobacteria has been
seen in other systems such as sulfidic cave biofilms (Macalady et al. 2008) or in microbial mats on
marine sediments (Pjevac et al. 2014). Gam_42a hybridizing cells (Gammaproteobacteria) were
observed to form aggregates with non-ANME and non-Desulfobulbaceae (DSS) cells in our
CARD-FISH analysis, but the identity of these organisms was not determined. While not
recovered in the network, the majority of the Gammaproteobacteria OTUs observed by iTag from
the both the bulk sediment and MSMX-Eel 932 Magneto-FISH 16S rRNA gene (Table 1) and
aprA gene libraries (see Sup Figure 2 for further discussion of metabolic genes) were from the
SILVA taxonomy endosymbiont clade. This endosymbiont clade houses organisms with a carbon-
fixation/sulfur-oxidation metabolism (Duperron et al. 2012; Goffredi 2010) and is predicted to be
an important member of the sulfur and carbon cycles in marine sediments outside of an

endosymbiotic lifestyle (Lenk et al. 2011).

There were also three unique, positive Deltaproteobacteria-Deltaproteobacteria associations
observed in the network: Desulfobulbus/Desulfococcus, Desulfobulbus/SEEP-SRB4,
Desulfoluna/SEEP-SRB2. These multiple intra-Deltaproteobacteria associations suggest there
may be further nuances to be explored in the Deltaproteobacteria community structure, perhaps
akin to the nitrate based partitioning observed between DSB and DSS in seep sediments (Green-
Saxena et al. 2014). Desulfobulbus was also associated with SAR406, and SAR406 had high
relative sequence abundance in the Delta495a enrichments. SAR406 (Marine Group A) fosmids
contained polysulfide reductase genes that may be used for dissimilato