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
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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.

.

100%

0.01
91%
100% 100%
100% 99%
100% 00%
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00 100%E| Methanococcales | 3I1 00%
.01
D. Archaeal 16S rRNA mcrA
Methanomicrobia Thermoplasmata Methanomicrobia
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81 0 19 0 0 0 0 48 100 0 24
44 0 4 38 0 4 10 48 - - -
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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.

Acknowledgements

Thanks to Annelie (Pernthaler) Wendeberg, Rachel Poretsky, Joshua Steele, Stephanie Cannon,
Jen Glass, Kat Dawson, Hiroyuki Imachi, and the Caltech Genomics Center. Funding for this
work was provided by the Gordon and Betty Moore foundation and a DOE early career grant (to
VJO) and NIH/NRSA training grant 5 T32 GM07616 (to ETR).



29

References

Amann RI, Binder BJ, Olson RJ, Chisholm SW, Devereux R, and Stahl DA. 1990. Combination of
16S rRNA-targeted oligonucleotide probes with flow cytometry for analyzing mixed
microbial populations. Applied and Environmental Microbiology 56:1919-1925.

Amann RI, Ludwig W, and Schleifer KH. 1995. Phylogenetic identification and in situ detection of
individual microbial cells without cultivation. Microbiological Reviews 59:143-169.

Ashkin A. 1997. Optical trapping and manipulation of neutral particles using lasers. Proceedings of the
National Academy of Sciences 94:4853-4860.

Boetius A, Ravenschlag K, Schubert CJ, Rickert D, Widdel F, Gieseke A, Amann R, Jorgensen BB,
Witte U, and Pfannkuche O. 2000. A marine microbial consortium apparently mediating
anaerobic oxidation of methane. Nature 407:623-626.

Button D, and Robertson BR. 2001. Determination of DNA content of aquatic bacteria by flow
cytometry. Applied and Environmental Microbiology 67:1636-1645.

Crouse ], and Amorese D. 1987. Ethanol precipitation: ammonium acetate as an alternative to
sodium acetate. Focus 9:3-5.

Del.ong EF. 1992. Archaea in coastal marine environments. Proc Nat/ Acad Sci U § A 89:5685-5689.

Fike DA, Gammon CL, Ziebis W, and Orphan VJ. 2008. Micron-scale mapping of sulfur cycling
across the oxycline of a cyanobacterial mat: a paired nanoSIMS and CARD-FISH approach.
ISME ] 2:749-759.

Gilbert MTP, Haselkorn T, Bunce M, Sanchez JJ, Lucas SB, Jewell LD, Marck EV, and Worobey M.
2007. The Isolation of Nucleic Acids from Fixed, Paraffin-Embedded Tissues-Which
Methods Are Useful When? PLoS ONE 2:e537. 10.1371/journal.pone.0000537

Hales BA, Edwards C, Ritchie DA, Hall G, Pickup RW, and Saunders JR. 1996. Isolation and
identification of methanogen-specific DNA from blanket bog peat by PCR amplification and
sequence analysis. Applied and Environmental Microbiology 62:668-675.

Hall BG. 2004. Phylogenetic trees made easy: a how-to manual: Sinauer Associates Sunderland.

Hallam §J, Girguis PR, Preston CM, Richardson PM, and Del.ong EF. 2003. Identification of
methyl coenzyme M reductase A (mcrA) genes associated with methane-oxidizing archaea.
Applied and Environmental Microbiology 69:5483-5491.

Hallam SJ, Page AP, Constan L, Song YC, Norbeck AD, Brewer H, and Pasa-Tolic L. 2011. 4
Molecular Tools for Investigating ANME Community Structure and Function. Mezhods in
Engymology 494:75.

Holler T, Widdel F, Knittel K, Amann R, Kellermann MY, Hinrichs KU, Teske A, Boetius A, and
Wegener G. 2011. Thermophilic anaerobic oxidation of methane by marine microbial
consortia. ISME | 5:1946-1956. 10.1038/ismej.2011.77

Imyanitov EN, Suspitsin EN, Buslov KG, Kuligina ESh BE, Togo A, and Hanson K. 2006.
Isolation of nucleic acids from paraffin-embedded archival tissues and other difficult
sources. The DNA Book: Protocols and Procedures for the Modern Molecular Biology 1aboratory
Sudbury, MA, Jones and Bartlett Publishers:85-97.

Kalyuzhnaya M, Lidstrom M, and Chistoserdova L. 2008. Real-time detection of actively
metabolizing microbes by redox sensing as applied to methylotroph populations in Lake
Washington. The ISME Journal 2:696-7006.

Knittel K, Boetius A, Lemke A, Eilers H, Lochte K, Pfannkuche O, Linke P, and Amann R. 2003.
Activity, distribution, and diversity of sulfate reducers and other bacteria in sediments above
gas hydrate (Cascadia Margin, Oregon). Geomicrobiology Jonrnal 20:269-294.



30

Khnittel K, Losekann T, Boetius A, Kort R, and Amann R. 2005. Diversity and distribution of
methanotrophic archaea at cold seeps. Applied and Environmental Microbiology 71:467-479.

Lane DJ. 1991. 165/23S rRNA sequencing. In: Stackebrandt EaG, M., ed. Nucleic acid technigues in
bacterial systematics. Chichester, England: John Wiley & Sons, 115-175.

Léesekann T, Knittel K, Nadalig T, Fuchs B, Niemann H, Boetius A, and Amann R. 2007. Diversity
and abundance of aerobic and anaerobic methane oxidizers at the Haakon Mosby Mud
Volcano, Barents Sea. Applied and Environmental Microbiology 73:3348-3362.

Loy A, Lehner A, Lee N, Adamczyk J, Meier H, Ernst J, Schleifer K-H, and Wagner M. 2002.
Oligonucleotide Microarray for 16S rRNA Gene-Based Detection of All Recognized
Lineages of Sulfate-Reducing Prokaryotes in the Environment. Applied and Environmental
Microbiology 68:5064-5081. 10.1128 /aem.68.10.5064-5081.2002

Ludwig W, Strunk O, Westram R, Richter L., Meier H, Yadhukumar, Buchner A, Lai T, Steppi S,
Jobb G, Forster W, Brettske I, Gerber S, Ginhart AW, Gross O, Grumann S, Hermann S,
Jost R, Konig A, Liss T, Lufimann R, May M, Nonhoff B, Reichel B, Strehlow R, Stamatakis
A, Stuckmann N, Vilbig A, Lenke M, Ludwig T, Bode A, and Schleifer K-H. 2004. ARB: a
software environment for sequence data. Nuclezic Acids Research 32:1363-1371.
10.1093/nat/gkh293

Luton PE, Wayne JM, Sharp R]J, and Riley PW. 2002. The mcrA gene as an alternative to 16S rRNA
in the phylogenetic analysis of methanogen populations in landfill. Microbiology 148:3521-
3530.

Melin J, and Quake SR. 2007. Microfluidic large-scale integration: the evolution of design rules for
biological automation. Annu Rev Bigphys Biomol Struct 36:213-231.

Nauhaus K, Albrecht M, Elvert M, Boetius A, and Widdel F. 2007. In vitro cell growth of marine
archaeal, Aébacterial consortia during anaerobic oxidation of methane with sulfate.
Environmental Microbiology 9:187-196.

Neef A, Zaglauer A, Meier H, Amann R, Lemmer H, and Schleifer KH. 1996. Population analysis in
a denitrifying sand filter: conventional and in situ identification of Paracoccus spp. in
methanol-fed biofilms. App/ Environ Microbiol 62:4329-4339.

Niemann H, Loesekann T, de Beer D, Elvert M, Nadalig T, Knittel K, Amann R, Sauter EJ, Schluter
M, and Klages M. 2006. Novel microbial communities of the Haakon Mosby mud volcano
and their role as a methane sink. Nazure 443:854-858.

Orphan V], Hinrichs KU, Ussler W, Paull CK, Taylor LT, Sylva SP, Hayes JM, and Delong EF.
2001. Comparative analysis of methane-oxidizing archaea and sulfate-reducing bacteria in
anoxic marine sediments. Applied and Environmental Microbiology 67:1922-1934.

Orphan V], House CH, Hinrichs K-U, McKeegan KD, and DelLong EF. 2002. Multiple archaeal
groups mediate methane oxidation in anoxic cold seep sediments. Proceedings of the National
Academy of Sciences 99:7663-7668.

Orphan V], Turk KA, Green AM, and House CH. 2009. Patterns of 15N assimilation and growth of
methanotrophic ANME-2 archaea and sulfate-reducing bacteria within structured syntrophic
consortia revealed by FISH-SIMS. Environmental Microbiology 11:1777-1791. 10.1111/}.1462-
2920.2009.01903.x

Pernthaler A, Dekas AE, Brown CT, Goffredi SK, Embaye T, and Orphan V]J. 2008. Diverse
syntrophic partnerships from deep-sea methane vents revealed by direct cell capture and
metagenomics. Proceedings of the National Academy of Sciences 105:7052-7057.
10.1073/pnas.0711303105

Pernthaler A, and Orphan VJ. 2010. Process for separating microorganisms. Google Patents.



31

Pernthaler A, Pernthaler J, and Amann R. 2002. Fluorescence In Situ Hybridization and Catalyzed
Reporter Deposition for the Identification of Marine Bacteria. Applied and Environmental
Microbiology 68:3094-3101. 10.1128/2em.68.6.3094-3101.2002

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, Peplies ], and Glockner FO. 2013.
The SILVA ribosomal RNA gene database project: improved data processing and web-based
tools. Nucleic Acids Research 41:D590-D596. 10.1093 /nar/gks1219

Rodrigue S, Malmstrom RR, Berlin AM, Birren BW, Henn MR, and Chisholm SW. 2009. Whole
genome amplification and de novo assembly of single bacterial cells. PLoS ONE 4:e6864.

Ronquist F, Teslenko M, van der Mark P, Ayres DL, Darling A, Hohna S, Larget B, Liu L, Suchard
MA, and Huelsenbeck JP. 2012. MrBayes 3.2: Efficient Bayesian Phylogenetic Inference and
Model Choice across a Large Model Space. Systematic Biology. 10.1093 /sysbio/sys029

Safatik I, and Safaiikova M. 1999. Use of magnetic techniques for the isolation of cells. Jourmal of
Chromatography B 722:33-53.

Sambrook J, and Russell DW. 2001. Molecular Cloning: A Laboratory Manual. Cold Spring Harbor,
New York: Cold Spring Harbor Laboratory Press.

Schattenhofer M, and Wendeberg A. 2011. Capturing Microbial Populations for Environmental
Genomics. Handbook of Molecular Microbial Ecology I: John Wiley & Sons, Inc., 735-740.

Schreiber L, Holler T, Knittel K, Meyerdierks A, and Amann R. 2010. Identification of the
dominant sulfate-reducing bacterial partner of anaerobic methanotrophs of the ANME-2
clade. Environmental Microbiology 12:2327-2340. 10.1111/.1462-2920.2010.02275.x

Simon M, and Azam F. 1989. Protein content and protein synthesis rates of planktonic marine
bacteria. Marine ecology progress series Oldendorf 51:201-213.

Stahl DA, and Amann RI. 1991. Development and application of nucleic acid probes in bacterial
systematics. In: E. Stackebrandt MG, ed. Sequencing and Hybridization Techniques in Bacterial
Systematics. Chichester, England: John Wiley & Sons Ltd.

Thompson JR, Marcelino LA, and Polz MF. 2002. Heteroduplexes in mixed-template amplifications:
formation, consequence and elimination by ,Aéreconditioning PCR,A6. Nucleic Acids Research
30:2083-2088.

Waldron PJ, Petsch ST, Martini AM, and Nisslein K. 2007. Salinity Constraints on Subsurface
Archaeal Diversity and Methanogenesis in Sedimentary Rock Rich in Organic Matter. Applied
and Environmental Microbiology 73:4171-4179. 10.1128 /2em.02810-06

Woyke T, Sczyrba A, Lee ], Rinke C, Tighe D, Clingenpeel S, Malmstrom R, Stepanauskas R, and
Cheng J-F. 2011. Decontamination of MDA reagents for single cell whole genome
amplification. PLoS ONE 6:€26161.

Yilmaz S, Haroon MF, Rabkin BA, Tyson GW, and Hugenholtz P. 2010. Fixation-free fluorescence
in situ hybridization for targeted enrichment of microbial populations. ISME | 4:1352-1356.

Yoon HS, Price DC, Stepanauskas R, Rajah VD, Sieracki ME, Wilson WH, Yang EC, Duffy S, and
Bhattacharya D. 2011. Single-Cell Genomics Reveals Organismal Interactions in
Uncultivated Marine Protists. Sczence 332:714-717. 10.1126/science.1203163



	Chapter 1_mod
	Chapter 1_mod.2
	Chapter 1_mod.3

